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a b s t r a c t
A new p a ra d ig m  i s  d e s c r ib e d  f o r  k n o w le d g e -b a se d  s c e n e  a n a l y s i s . T h e ' 
p a ra d ig m  r e q u i r e s  f i r s t l y  t h a t  im ages b e  u n d e rs to o d  e s s e n t i a l l y  i n  te rm s  
o f  tw o - d im e n s io n a l  i n f o r m a t i o n  a b o u t  how o b je c t s  Jn  p i c t u r e s  lo o k ,  and 
s e c o n d ly  t h a t  f e a t u r e s  b e  c o n s id e r e d  a s  c o l l e c t i o n s  o f  r e g io n s .  A sy s te m  
f o r  t h e  a n a l y s i s  o f  g e n e r a l  s c e n e s  i s  d e s c r ib e d  and  th e  r e s u l t s  o f  en 
a t te m p t  t o  p r o to ty p e  t h i s  sy s te m  a r e  g iv e n .  A lth o u g h  th e  p r o to ty p e  i s  a  
s i m p l i f i e d  v e r s i o n  o f  t h e  sy s te m  d e s c r ib e d ,  i t  a p p e a rs  t o  b e  c a p a b le  o f  
g r e a t  p o w er . The p a ra d ig m  i s  f u r t h e r  s u p p o r te d  by  p ro m is in g  r e s u l t s  o b ­
t a i n e d  I n  w ork  on  an  in s t r u m e n t  t o  a n a ly s e  t h e  s i z e  d i s t r i b u t i o n  o f  p a r ­
t i c l e s  on a  c o n v e y o r  b e l t .
A b s t r a c t
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INTRODUCTION.
T h is  d i s s e r t a t i o n  o f f e r s  a  new p a ra d ig m  f o r  s c e n e  a n a l y s i s ,  t h e  b a s i c  
t e n e t s  o f  w h ich  a r e  t h a t  a s c e n e  s h o u ld  b e  a n a ly s e d  u s in g  e x p l i c i t  know­
le d g e ,  and  t h a t  t h e  s c e n e s  s h o u ld  b e  u n d e rs to o d  and  r e p r e s e n te d  i n  te rm s  
o f  r e g io n s .
We w i l l  d i s c u s s  t h e  o r i g i n s  a n d  im p l i c a t i o n s  o f  t h e s e  t e n e t s ,  and  show 
some r e s u l t s  w h ic h  i n d i c a t e  t h a t  th e y  a l lo w  a  s y s te m  t o  b e  b u i l t  w h ich  
c an  in d e e d  a n a ly s e  s c e n e s .  The a d v a n ta g e s  o f  t h e  u s e  o f  r e g io n s  t o  i n ­
t e r p r e t  t h e  s c e n e  w i l l  b e  show n t o  b e  c o n s id e r a b l e ,  a s  th e y  a l lo w  know­
le d g e  t o  b e  a c t i v e l y  d e p lo y e d . We w i l l  d i s c u s s  a  r e p r e s e n t a t i o n  d e v e lo p e d  
t o  h a n d le  t h e  p i c t u r e  a s  a  s e t  o f  r e g i o n s ,  and show  how th e  - ’io n s  may 
b e  h a n d le d  u s in g  t h i s  r e p r e s e n t a t i o n ,  w h ic h  i s  .known a s  : ; r e  
n e ig h b o u r  c o d e .
A sy s te m  t h a t  i s  c a p a b le  o f  g e n e r a l  s c e n e  a n a ly s i s  i s  d e s c r ib e d ,  a n d  we 
d i s c u s s  t h e  p r o to ty p in g  o f  a  s im p le  v e r s i o n  o f  su c h  a s y s te m , The d e s ig n , 
o f  t h e  p r o to ty p e  i s  e x h a u s t i v e ly  p r e s e n te d ,  and i t s  im p le m e n ta t io n  i s  
d i s c u s s e d .  The co d e  o f  t h e  p r o to ty p e  sy s te m  i s  p r e s e n te d  a s  a p p e n d ic e s .
T he a p p ro a c h  p ro p o s e d  c a n n o t  b e  shown t o  b e  th e  b e s t  o n e , n o t  c an  i t  y e t  
b e  show n t h a t  i t  w i l l  d e f i n i t e l y  w o rk , b u t  we h a v e  managed t o  show  t h a t  
a  sy s te m  t h a t  w orks can  b e  d e v e lo p e d  w i th in  t h e  p a ra d ig m , a l th o u g h  i t  i s  
n o t  y e t 'a n a l y s i n g  r e a l  s c e n e s .  We w i l l  p ro d u c e  c o n v in c in g  a rg u m e n ts , 
h o w ev e r, t h a t  i t  i s  a  good  a p p ro a c h , and  t h a t  i t  c an  w ork . R e s u l t s  b o th  
o f  t h e  p r o to ty p in g  o f  a g e n e r a l  s c e n e  a n a ly s i s  sy s te m  and  o f  w ork  on  a n ­
INTRODUCTION.
o th e r  system  which is  claim ed to  have been developed w ith in  t h i s  paradigm, 
in d ic a te  th a t  working system s may be b u i l t  w ith in  th e se  t e n e t s .
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B A C K G R O U N D
C om pu ter v i s i o n  p r e s e n t s  a  f a s c i n a t i n g  p ro b le m , w i th  many p o t e n t i a l  e n ­
g i n e e r i n g  b e n e f i t s  p r e s e n t e d  by  ev en  a p a r t i a l  s o l u t i o n .  The a s p e c t  o f  
t h e  p ro b le m  t h a t  we s h a l l  a d d re s s  i s  t h a t  o f  s c e n e  a n a l y s i s ,  w h ic h  c an  
f a i r l y  b e  d e s c r ib e d  a s  a t t e m p t in g  to  s o lv e  t h e  p ro b lem :
'.'G iven  a  p i c t u r e ,  d e s c r ib e  w h at i s  h a p p e n in g  i n  i t . "
o r  t h e  r a t h e r  s im p le r  v e r s i o n :
" G iv en  a p i c t u r e ,  f i n d  th e   ------  i n  i t . "
T h ese  c a n  b e  s e e n  t o  b e  s u b t l e  p ro b le m s . We s h a l l  a d d re s s  t h e  l a t t e r ,  
a s  i t  i s  a  s im p le r  v e r s i o n  o f  t h e  f o rm e r , a n d  h a s  n o t  y e t  b e en  s o lv e d  w i th  
a n y  d e g re e  o r  p ro m is e  o f  g e n e r a l i t y .
Many t e c h n iq u e s  h a v e  b e e n  p r o p o s e d  t o  s o lv e  t h i s  
m o st s o l u t i o n s  b e in g  th e  f i n d in g  o f  a p p r o p r i a t e  p a r t s  o f  t h e  p i  
th e n  h o p e f u l l y  e x p l o i t i n g  some in f o r m a t io n  t o  c l a s s i f y  t h e  r i |  
p i e c e s  a s  t h e  o b j e c t  s o u g h t .  We do n o t  d e p a r t  i n  any  gi 
t h i s  s t r a t e g y ,  s a v e  t o  i n s i s t  t h a t  t h e  i n f o r m a t io n  explc  
e x p l i c i t l y  r a t h e r  t h a n  i n  th e  s t r u c t u r e  o f  th e  
T h is  d o e s  n o t  so u n d  u n r e a s o n a b l e :  we in t e n d  t o  show j u s t  how 
i t  i n  f a c t  i s .
THE ORIGINS OF THIS WORK.
The w ork  t h a t  i s  d e s c r ib e d  i n  t h i s  d i s s e r t a t i o n  o r i g i n a t e d  in  an  i n s t r u ­
m e n ta t io n  p ro b le m . A p o p u la r  m i l l i n g  te c h n iq u e  on  many m ines i s  
r u n - o f - o in e  m i l l i n g ,  w h ere  o r e  is m i l l e d  a s  i t  a r r i v e s  from  u n d e rg ro u n d , 
w i th o u t  b e in g  c r u s h e d .  I t  i s  d e s i r a b l e  t o  m i l l  t h i s  o r e  a u to g e n o u s ly .a n d  
i t  i s  beco m in g  m ore a n d  m ore d e s i r a b l e  t o  I n s t r u m e n t  t h e  p r o c e s s  (Sommer, 
1 9 8 5 ) . Work i s  b e in g  d o n e  o n  in s t r u m e n t in g  th e  p r o c e s s e s  o c c u r r i n g  w i th in  
t h e  m i l l  d u r in g  m i l l i n g ,  and  i t  was f e l t  im p o r ta n t  t h a t  an  a t te m p t  b e  made 
t o  in s t ru m e n t  t h e  s i z e  d i s t r i b u t i o n  o f  t h e  o r e  o f f e r e d  t o  t h e  m i l l .  I n ­
s tr u m e n ts  a r e  a v a i l a b l e  t o  p e rfo rm  t h i s  f u n c t i o n ,  b u t  a r e  e x tre m e ly  
p r i m i t i v e  a t  t h i s  s t a g e  ( s e e  t h e  Arm co A u to m e tr ic s  m a n u a l ,1 9 8 4 ) . T h is  
a u th o r  a n d  B e rg e r  (1 9 3 4 )  w ere  r e q u i r e d  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  
b u i ld i n g  a  p a r t i c l e - s i z e  d i s t r i b u t i o n  a n a ly s e r  u s in g - im a g e  a n a ly s i s  
t e c h n iq u e s ,  a n d  m anaged t o  p r o d u c e  a  d e s ig n ,  w h ic h  i s  a t  p r e s e n t  b e in g  
im p lem e n te d  by  B e rg e r  a n d  a  t h i r d  w o rk e r ,  S m ith .
T he r e s e a r c h  r a i s e d  many i s s u e s ,  an  im p o r ta n t  o n e  b e in g  t h e  r o b u s tn e s s  
o f  p r e s e n t  im a g e - p r o c e s s in g  m e th o d s , a s  t h e  p ro b lem  r e q u i r e s  f o r  i t s  
s o l u t i o n  te c h n iq u e s  a b l e  t o  h a n d le  c om plex  p i c t u r e s  o f  s im p le  o b j e c t s ,  
t a k e n  u n d e r  a d v e r s e  c o n d i t i o n s .  I t  i s  n o t  p o s s ib l e  t o  u s e  s t r u c t u r a l  
c lu e s  t o  f i n d  r o c k s  i n  a  p i c t u r e ,  a n d  s im p ly  b i n a r i s i n g  th e  p i c t u r e  i s  
n o t  h e l p f u l  ( i . e .  c a l l i n g  a l l  g r e y  a r e a s  r o c k s ,  a l l  b la i . i t ,  b a c k g ro u n d )  
a s  a l l  r o c k s  i n  t h e  p i c t u r e  a r e  c o v e re d  w ith , a  t h i n  la y e r  o f  a d s o rb e d  f i n e  
p a r t i c l e s ,  a s  i s  t h e  b e l t  t o  a  l a r g e  e x te n t : ,  and i t  i s  q u i t e  p o s s ib l e  t o  
c l a s s i f y  w h o le  p i c t u r e s  i n c o r r e c t l y  a s  r e p r e s e n t in g  s i n g l e  l a r g e  r o c k s .  
The t e c h n iq u e  d e v e lo p e d ,  a n d  u se d  w i th  some c o n s id e r a b le  s u c c e s s ,  was 
s e g m e n t in g  th e  p i c t u r e  i n t o  r e g i o n s ,  c l a s s i f y i n g  th o s e  r e g io n s ,  and  th e n
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m e rg in g  th am  on t h e  b a s i s  o£ m e rg in g  r u l e s , w h ich  w ere  dovr-Jopod ad h o c . 
The m erge  r u l e s  w ere  b a s e d  l a r g e l y  on k now ledge  a c q u i r e d  by lo o k in g  f it a  
ru rm in C " 'c o n v ey o r b e l t  w i th  o r e  on if. f o r  e x am p le , i t  was r e a l i s e d  a t  en 
e a r l y  s t a g e  t h a t ,  a s  a  r e s u l t  o f  t h e  p r o c e s s e s  a c t i n g  t o  p ro d u c e  th e  o r e ,  
few r o c k s  w o u ld  a p p e a r  w i th  h o le s  i n  th e m , and t h a t  t h e  h o l e s  w ere  un im ­
p o r t a n t .  T h u s , a  r e g i o n ,  w h a te v e r  i t s  c l a s s i f i c a t i o n ,  t h a t  was e n t i r e l y  
su r ro u n d e d  b y  j u s t  o n e  r o c k  r e g io n  c o u ld  b e  m erged  t o  t h a t  r o c k  r e g io n  
a n d  f o r g o t t e n  a s  an  e n t i t y  cm i t s  own.
T h is  t e c h n iq u e  w as b a s e d  on  a num ber o f  a s s u m p tio n s , t h e  n s j o r  o n e s  b e in g  
t h a t  t h e  r o c k s  on  th e  b e l t  w ou ld  b e  n i c e  o n e s ( i . e .  i s  n o t  e x t r a o r d i n a r i l y  
lo n g  end  t h i n  o r  u n r e a s o n a b ly  c u r v e d ) , t h a t  a  tw o - d im e n s io n a l  p i c t u r e  o f  
a  ro c k  ly i n g  o n  a  v i b r a t i n g  s u r f a c e  w ould  g iv e  a  good id e a  o f  i t s  s i z e  
(We do  n o t  e v e n  c o n s id e r  t h e  r e a l  m ean ing  o f  s i z e  f o r  a  r o c k ,  l e s t  we 
become e m b r o i le d  i n  u n p le a s a n t  i s s u e s -  S e e , f o r  e x am p le , M a n d e lb ro t,  
1 9 8 2 .)  a n d  t h a t  s u f f i c i e n t  m erge  r u l e s  o f  th e  ty p e  d e s c r ib e d  e x i s t  t o  f i n d  
a  r e a s o n a b l e  i n t e r p r e t a t i o n  o f  t h e  p i c t u r e .  T i e  v a l i d i t y  o f  t h e s e  a s ­
su m p tio n s  c o u ld  b e  d e b a te d :  w h at i s  c e r t a i n  i s  t h a t  th e  sy s te m  b a s e d  on 
th em  seem s t o  w ork  v e r y  w e l l .
From t h i s  w ork  som e im p o r ta n t  i d e a s  o r i g i n a t e d .
•  F i r s t l y ,  i t  w as s e e n  t h a t  r e g io n s  a r e  an  e x tre m e ly  u s e f u l  f e a t u r e  t o  
e x t r a c t  a n d  w ork  w i t h ,  p a r t i c u l a r l y  f o r  r e a l - w o r ld  p i c t u r e s  ta k e n  
u n d e r  p o o r  c o n d i t i o n s .
•  S e c o n d ly , i t  w as i n f e r r e d  t h a t  one  c o u ld  w ork  v e ry  w e l l  w i th  p i c t u r e s  
i n  tw o  d im e n s io n s  o n ly .
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• T h i r d ly ,  i t  bticamt- a p p a r e n t  i h a t  when one  ib  d e a l in g  w ith  a r e g io n ,  
th e  m o st im p o r ta n t  in f o r m '  ^ io n  a v a i l a b l e  i s  t h e  n a tu r e  o f  i t s  imme­
d i a t e  n e ig h b o u r s ,  and  t h a t  p p i f t u r e  r e p r e s e n t a t i o n  t h a t  w ou ld  c a r r y  
t h i s  i n f o r m a t i o n  c o u ld  b e  m o st u s e f u l .  ( N o t ic e  t h a t  i f  we r e p r e s e n t  
a  p i c t u r e  p r o p e r ly  i n  t h i s  w ay , i f  we r e q u i r e  i n f o r m a t io n  a b o u t  a  
r e g i o n ’s  n e ig h b o u r s 1 n e ig h b o u r s ,  t h i s  i s  a l s o  o b t a in a b l e .  We w i l l  
e x p an d  on t h i s  p o i n t  l a t e r . , )
•  F o u r th l y  and  f i n a l l y ,  i t  w as so o n  s e e n  t h a t  a  sy s te m  t h a t  a l lo w s  e x ­
p e r im e n ta t i o n  w i th  e x p l i c i t  kno w le d g e  w ou ld  b e  m ost d e s i r a b l e ,  a s  i f  
t h e  kno w le d g e  u s e d  by  th e  sy s te m  w ere  i m p l i c i t ,  sy s te m  m o d if ic a t io n s  
o r  u p d a te s  w o u ld  b e  co m p lex . As a  r e s u l t  t h e  sy s te m  w ould  h av e  t o  
b e  c o m m itted  t o  o n e  t a s k .  W ith, a  s y s te m  w h ere  t h e  know ledge  i s  e x ­
p l i c i t ,  h o w ev e r ,  we may c h an g e  th e  t a r g e t i n g  o f  t h e  sy s te m  b y  c h a n g in g  
th e  know ledge  a v a i l a b l e  t o  i t .
T h is  w o rk e r  th e n  s t a r t e d  t o  u s e  t h e  a b o v e  r e s u l t s  and  id e a s  from  t h e  w ork 
on  p a r t i c l e  s i z e  d i s t r i b u t i o n  a n a l y s i s ,  i n  an  a t te m p t  t o  b u i ld  a  v i s i o n  
sy s te m  a b le  t o  h a n d le  a l a r g e  c l a s s  o f  s c e n e s  u s in g  know ledge  s u p p l i e d  
e x p l i c i t l y  t o  i t .
KNOWLEDGE-BASED,SYSTEMS.
I n  a  s e n s e ,  a l l  s o f tw a r e  s y s te m s  t h a t  s o lv e  p ro b lem s a r e  k n o w le d g e -b a se d ; 
we u s e  t h i s  te rm  t o  r e f e r  t o  s y s te m s  t h a t  u s e  e x p l i c i t  know ledge  in  some 
fo rm . T h is  ty p e  o f  sy s te m  h a s  t h e  a d v a n ta g e  t h a t  one  may im prove  th e
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p e rfo rm a n c e  o f  t h e  s y s t w  o r  change  th e  p ro b lem  i t  can  s o lv e ,  up t o  a 
p o i n t ,  by  im p ro v in g  t h e  q u a l i t y ,  o r  by c h a n g in g  th e  s u b j e c t  o f  t h e  know­
le d g e  a v a i l a b l e  t o  i t .  S y s tem s  b a s e d  on i m p l i c i t  k n o w le d g e , on th e  o th e r  
h a n d , w i l l  r e q u i r e  t h e  o v e rh e a d  o f  sy s te m  c h a n g e s  t o  im prove  t h e i r  p e r ­
fo rm ance  o r  c h a n g e  t h e  p ro b le m  t h a t " t h e y  s o lv e .  I m p l i c i t  kno w le d g e  s y s ­
tem s make up f o r  t h e i r  i n f l e x i b i l i t y  by  t h e i r  e f f i c i e n c y ,  a s  th e y  do  n o t  
r e q u i r e  t h e  h u g e  o v e rh e a d  o f  know ledge  m anagem ent, and  a r e  p o p u la r  i n  
e n g in e e r in g  im age  p r o c e s s in g  a p p l i c a t i o n s  a s  a  r e s u l t .  G e n e r a l i t y  w i l l  
how ever b e  d i f f i c u l t  t o  a c h ie v e  w ith  an  i m p l i c i t  know ledge  sy s te m .
We can  s e e  t h a t ,  w hen we h a v e  t o  a n a ly s e  a s c e n e  in  a  p u r e ly  e n g in e e r in g  
c o n te x t ,  i t  i s  d e s i r a b l e  t o  embed th e  d e s c r i p t i o n  o f  t h e  o b j e c t s  we a r e  
s e e k in g  a s  e f f i c i e n t l y  a s  p o s s i b l e  i n  t h e  sy s te m . When, h o w e v e r, o u r  
sy s te m  i s  l i k e l y  t o  b e  f a c e d  w i th  a l a r g e  num ber o f  d i f f e r e n t  o b j e c t s ,  
i t  becom es d e s i r a b l e  t o  b e  a b l e  t o  p r o v id e  t h e  sy s te m  w i th  a  d e s c r i p t i o n  
o f  e ac h  o b j e c t ,  w i th o u t  h a v in g  t o  ch an g e  th e  sy s te m  s o f tw a r e .  A ro c k  
f i n d e r  c an  t h e n ,  a t  a  p in c h ,  becom e an  e l e p h a n t - f i n d e r .  A t some s t a g e ,  
t h e  h a rd w a re  t e c h n o lo g y  may becom e su c h  t h a t  t h i s  may w e l l  b e  t h e  b e s t  
a p p ro a c h , from  a n  e n g in e e r i n g  p o in t  o f  v ie w : a t  p r e s e n t ,  t h e  a p p ro a c h  d o e s 
n o t  p ro m ise  r e s u l t s ,  s a v e  a s  a t r a i n i n g ,  d e v e lo p m e n t and  r e s e a r c h  t o o l .
The b e s t-k n o w n  c l a s s  o f  k n o w le d g e -b a se d  sy s te m  i s  t h e  e x p e r t  sy s te m . As 
Brachm an (1 9 8 3 ) p o i n t s  o u t ,  i t  i s  n o t  c o r r e c t  t o  c a l l  a  sy s te m  t h a t  a n a -  
ly iA s  s c e n e s ,  an  e x p e r t  s y s te m , k n o w le d g e -b a se d  o r  r u l e - d r i v e n  th o u g h  i t  
may b e .T h e  t a s k  i t s e l f  d o e s n o t  r e q u i r e  e x p e r tis e . T he l i t e r a t u r e  i s  n o t  
c o n s i s t e n t  i n  t h i s  n o m e n c la tu r e .  We u s e  t h e  te rm  k n o w le d g e -b a se d  sy s te m  
i n s t e a d ,  b u t  r e g a r d  t h e  e x p e r t - s y s te m  l i t e r a t u r e  a s  b e in g  r e l e v a n t .  T h is  
i s  by no m eans m e re ly  a s e m a n t ic  q u ib b le ;  e x p e r t i s e  i n  v i s i o n  i s  n o t  
e a s i l y  d e s c r ib e d ,  and  th e  p ro b lem  i s  n o t  one  o f  s . , . ,p ly  d e te r m in in g  th e
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r i g h t  r u l e s  f o r  an e x p c r t - s y s te m  k e r n e l . An e x p e r t  sy s te m  t y p i c a l l y  
s o lv e s  an e x p e r t  p ro b le m , t h a t  i s ,  a  com plex  p ro b le m  r e q u i r i n g  h ig h ly  
s p e c i f i  k n o w le d g e , w h ich  i s  g e n e r a l l y  u s e d  i n  a  s p e c i f i c  f a s h i o n .  We 
r e q u i r e  o u r  s y s te m  t o  u s e  p o o r  know ledg" n a  p o o r ly - d e f in e d  f i e l d ,  i n  
w h ic h e v e r  way i t  'c h o o s e s ,  t o  s o lv e  a p ro b le m  t h a t  i s  n o t  w e l l  
u n d e rs to o d -b y  human e x p e r t s .
T he e x p e r t ,  s y s te m  a s  d e s c r ib e d  in  t h e  l i t e r a t u r e  h a s  tw o  se g m e n ts : a  
kno w le d g e  b a s e  and  a n  in f e r e n c e  e n g in e .  The k now ledge  b a s e  t y p i c a l l y  
c o n ta in s  o n ly  know ledge  th r o u g h  w h ic h  th e  .p ro b le m s  p o se d  t o  t h e  sy s te m  
may b e  s o lv e d .  The in f e r e n c e  e n g in e  t h e n  e x p l o i t s  t h i s  know ledge  t o  s o lv e  
t h e s e  p r o b le m s . T h e re  a t e  v i s i b l e  d i s a d v a n ta g e s  t o  t h i s  s t r u c t u r e  f o r  
o u r  p u r p o s e s .  T he  sy s te m  c a n n o t  r e a s o n  o u t  a  s t r a t e g y  t o  s o lv e  i t s
p ro b le m ; t h e  s t r a t e g y  i s  t h a t  o f  t h e  s y s t e m 's  a u th o r .  T y p ic a l l y ,  t h e  
dom ain  o f  e x p e r t i s e  o f  an e x p e r t  sy s te m  i s  l i m i t e d ,  g e n e r a l l y  by  th e  s h e e r  
l o g i s t i c s  o f  m a r s h a l l i n g  a  l a r g e  q u a n t i t y  o f  k n o w le d g e . Such  a sy s te m  
i s  o f t e n  r e s t r i c t e d  t o  h a v in g  i n  i t s  know ledge  b a s e  o n ly  know ledge  t h a t  
i s  c o n s i s t e n t  w i th  t h e  know ledge  b a s e  a s  a w h o le . The know ledge  b a s e  can  
t o o  e a s i l y  b e  c o n s id e r e d  p u r e ly  a s  a  r u l e  b a s e ,  w h ic h  c an  c a u s e  t h e  d e ­
s i g n e r  t o  r e s t r i c t  t h e  pow er o f  t h e  k n o w le d g e . (One o f t e n  s e e s  sy s te m s  
d e s c r ib e d  a s  " fo r w a r d  c h a in in g "  -  f o r  a p o w e r fu l  s y s te m , s u r e l y  t h e  sy s te m  
i t s e l f  s h o u ld  d e c id e  i n  w h ic h  d i r e c t i o n  i t  s h o u ld  c h a in  ? )  We t h e r e f o r e  
f o l lo w  D a v is  (1 9 8 0 )  i n  r e f e r r i n g  t o  th e  kno w le d g e  b a s e  a s  c o n ta in i n g  
k now ledge  s o u r c e s  ( K S 's ) :  i n  t h i s  c a s e  e a c h  KS w i l l  b e  o f  a s i m i l a r  fo rm a t 
t o  and  d i s c h a r g e  t h e  same f u n c t i o n  a s ,  a  r u l e  i n  t h e  c o n v e n t io n a l  e x p e r t  
s y s te m .
We r e q u i r e  o f  a  k n o w le d g e -b a se d  sy s te m  t h a t  i t  b e  a b l e  t o  r e a s o n  a b o u t 
how i t  s h o u ld  m anage k n o w le d g e , t h a t  i t  b e  a b l e  t o  c h o o se  b e tw ee n  c o n -
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t r a d i c t o r y  K S 's  on th e  g ro u n d s  o f  o th e r  e v id e n c e ,  and t h a t  i t  b e  l im i t e d  
a s  l i t t l e  a s  p o s s i b l e  i n  t h e  w ays t h a t  i t  h a n d le s  k n o w le d g e . We h a s te n  
t o  add  t h a t  t h e  p r o to ty p e  d e s c r ib e d  below  h a s  n o t  s o lv e d  th e  p ro b lem s 
p r e s e n te d  by su c h  r e q u i r e m e n ts :  r a t h e r ,  a s  many i s s u e s  a s  can  be
s id e s te p p e d  h a v e  b e e n , t o  a l lo w  t h e  d e v e lo p m e n t o f  a  p r o to ty p e .  The 
p r o to ty p e  h a s  n o t  b e e n  d e v e lo p e d  a s  y e t  a n o th e r  e x p e r t  system, i t  i s  i n ­
te n d e d  t o  d e m o n s tr a te  t h e  f e a s i b i l i t y  o f  k now ledge  b a s e d  s c e n e  a n a ly s i s  
and  o f  a new p a ra d ig m  w i th  w h ic h  we h a v e  a t te m p te d  t o  s im p l i f y  t h e  p ro b le m  
o f  a n a ly s i n g  r e a l  s c e n e s .
K n o w ledge-based  s y s te m s  a r e  b e g in n in g  t o  p e n e t r a t e  t h e  im a g e - p r o c e s s in g  
l i t e r a t u r e ,  and p r e c e d e n t s  do e x i s t  f o r  u s in g  t h e s e  sy s te m s  f o r  t h i s  ty p e  
o f  w ork . Nazif and  L e v in e  (2 9 8 4 )  d e s c r ib e  an  e x p e r t  ( s i c )  sy s te m  f o r  low 
le v e l - im e g e  s e g m e n ta t io n ,  w h ic h  a p p e a rs  t o  g iv e  good r e s u l t s ,  a l th o u g h  
a c c o rd in g  t o  t h e  p o i n t  r a i s e d  a b o v e , i t  i s  i n  f a c t  a  k n o w le d g e -b a se d  
s y s te m . Niemann and  h i s  g ro u p  (1 9 8 5 )  d e s c r ib e  a n o th e r  sy s te m  w h ic h  u s e s  
know ledge  t o  i n t e r p r e t  r e s u l t s  from  a se g m en ted  p i c t u r e :  i t  a p p e a r s ,
h o w ev o r , t h a t  i t  u s e s  i m p l i c i t  kno w le d g e  t o  seg m en t t h e  p i c t u r e  and e x ­
t r a c t  t h e  in f o r m a t io n  i t  n e e d s  f o r  i t s  a n a l y s i s .  We w ou ld  l i k e  o u r  sy s te m  
t o  u s e  know ledge  a t  a l l  l e v e l s ,  s o  t h a t  h i g h - l e v e l  k now ledge  may a id  
l o w - le v e l  a c t i o n s .
O ur sy s te m  i s  th o u g h t  o f  i n  a  f a s h i o n  d i f f e r e n t  from  t h e  c o n v e n t io n a l  
" in f e r e n c e  e n g in e  -  know ledge  b a s e "  r e p r e s e n t a t i o n ;  r a t h e r ,  i t  h a s  b e e n  
d e v e lo p e d  a s  an i n t e r p r e t e r  o p e r a t i n g  on  a p ic tu r e - k n o w le d g e  la n g u a g e .
le  te rm  " i n t e r p r e t e r "  i s  u se d  a d v is e d l y ;  d i f f e r e n t  r e a s o n in g  f a c i l i t i e s  
a r e  a v a i l a b l e  t o  d i f f e r e n t  b i t s  o f  k n o w le d g e , a s  a t  t h i s  s t a g e  th e  f a ­
c i l i t y  o f  i n s t r u c t i n g  th e  s y s te m , th ro u g h  th e  know ledge  b a s e ,  a s  t o  how 
i t  s h o u ld  manage know ledge  h a s  n o t  be en  im p lem e n te d . T h is  i n t e r p r e t e r '
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m odel i s  t o  a v o id  t h e  i m p l i c i t  a s su m p tio n  o f  a u th o r- im b e d d e d  r e a s o n in g  
te c h n iq u e s  i n  t h e  know ledge-m anagem en t s e c t i o n .
SCENE-ANALYSIS PARADIGMS.
T y p ic a l  o f  t h e  s t a t e  o f  s c e n e  a n a l y s i s  a t  p r e s e n t  i s  t h e  sy s te m  p ro p o se d  
by  t h i s  a u th o r  ( F o r s y th ,  1984) t o  s o lv e  t h e  in s t r u m e n ta t i o n  p ro b lem  d e ­
s c r i b e d  a b o v e , w h ic h  e x p l o i t s  a s  many p ro b le m  c o n s t r a i n t s  a s  p o s s i b l e  t o  
p ro d u c e  e  w o rk a b le  d e s ig n .  I n  i t s e l f ,  t h i s  a p p ro a c h  i s  n o t  i n c o r r e c t ,  
b u t  t h e  in v e s tm e n t  i n  u s in g  a sy s te m  b u i l t  t o  t h i s  ty p e  o f  d e s ig n  t o  s o lv e  
a  p ro b le m  d i f f e r i n g  ev en  s l i g h t l y  from  t h e  p ro b le m  f i r s t  e n v is a g e d ,  i s  
c o n s id e r a b l e .  We w ou ld  l i k e  t h e r e f o r e  t o  b u i l d  a s c e n e  a n a ly s e r  t h a t  i s  
a s  g e n e r a l  a s  p o s s i b l e  -  how do  we do t h i s  ?
We m ust f i r s t  d e c id e  i n  w h a t fo rm  we w ish  t o  h a n d le  t h e  s c e n e .  I t  i s  o b ­
v io u s l y  im p o r ta n t  t o  b e  a b l e  t o  e x p l o i t  t h e  s t r u c t u r e  o f  t h e  o b j e c t  we 
s e e k ,  y e t  we m u st a l s o  d e c id e  how t o  h a n d le  t h e  a p p e a ra n c e  o f  i t s  p a r t s  
i n  t h e  p i c t u r e .
We may h a n d le  t h e  p i c t u r e  i n  te rm s  o f  i t s  e d g e s ,  o r  o f  i t s  r e g io n s .  I t s  
e d g e s  w i l l  l e a d  u s  t o  a fo rm  o f  l i n e  d ra w in g , o r  w ir e - f r a m e  r e p r e s e n ­
t a t i o n :  i t s  r e g i o n s ,  t o  a r e p r e s e n t a t i o n  in  te rm s  o f  p i c t u r e  s u b s e t s .
We h av e  c h o se n  th e  l a t t e r ,  and  w i l l  e x p la in  and  j u s t i f y  t h e  c h o ic e  b o th  
by  r e f e r e n c e  t o  w ork  in  te rm s  o f  t h e  l in e - d r a w in g  r e p r e s e n t a t i o n ,  and  by 
e x p e r im e n ta l  r e s u l t s .
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The m a jo r  l i n e - d r a w in g - t y p e  p a ra d ig m  a p p e a rs  t o  b e  t h a t  o f  H a rr  ( 1 9 7 9 ) ,  
a l th o u g h  much o t h e r  w ork  h a s  be en  do n e  in  t h i s  f i e l d ,  w here  p i c t u r e s  h av e  
b e e n  i n t e r p r e t e d  in  te rm s  o f - t h e i r  e d g e s .  (We a r e  u s in g  th e  te rm  " l i n e  
d ra w in g "  r a t h e r  l o o s e ly  h e r e :  i f  o n e  ex am in e s a p i c t u r e ' s  e d g e s , one  i s  
w o rk in g  i n  t h i s  t y p e  o f  p a ra d ig m . T h u s , t h e  te r ra  i n c lu d e s  g e n e r a l i s e d  
c y l in d e r  r e p r e s e n t a t i o n s  and  t h e  l i k e . )  The g r e a t  p ro b le m  w i th  t h i s  
p a ra d ig m  i s  t h a t  one  i s  r e q u i r e d  t o  u n d e rs t a n d  th e  p i c t u r e  i n  te rm s , o f  
m ode ls  t h a t  o n e  h a s  b u i l t  o f  i t .  K now ledge, n o t  o f  w hat o b j e c t s  lo o k  
l i k e ,  b u t  o f  w h at th e y  s h o u ld  lo o k  l i k e  i n  p i c t u r e s ,  i s  u s e d .  The d i f ­
f i c u l t  q u e s t io n  o f  sh a p e  c an  b e  a v o id e d  i n  t h i s  f a s h i o n ,  f o r  exam p le  by  
d e s c r ib in g  a  r o c k e t  a s  lo o k in g  l i k e  a co n e  on  t o p  o f  a  c y l i n d e r ,  b u t  a  
sy s te m  d e s ig n e d  l i k e  t h i s  i s  a t  t h e  m ercy  o f  i t s  own m o d e ll in g  t e c h n iq u e s .  
T oo much kno w le d g e  i s  d e p lo y e d  in  m o d e ll in g  th e  s c e n e ,  and  n o t  enough  in  
h a n d l in g  i t .  T h u s , a  sy s te m  b u i l t  u n d e r  t h i s  p a ra d ig m  c a n n o t  d e p lo y  
know ledge  t o  f i n d  th e  m o st l i k e l y  p o s i t i o n  o f  an  o b je c t  w h ich  i t  knows 
s h o u ld  b e  t h e r e ,  b u t  w h ic h  i t  c a n n o t  f i n d  f o r  sh a d o w s. The p a ra d ig m  we 
p r o p o s e  h e r e  i s  i n te n d e d  t o  a l lo w  m a r s h a l l i n g  o f  know ledge  t o  make i t  
e f f e c t i v e  a t  a l l  l e v e l s .
A n o th e r  f e a t u r e  w i th  p r e s e n t  l in e - d r a w in g  v i s i o n  p a ra d ig m s i s  t h e  e f f o r t  
p u t  i n t o  te c h n iq u e s  t o  i n t e r p r e t  a  tw o -d im e n s io n a l  im age by  u s in g  c lu e s  
t o  i t s  sh a p e  in  t h r e e 1 d im e n s io n s  c o n ta in e d ,  f o r  e x am p le , i n  t h e  sh a d in g  
o f  t h e  p i c t u r e .  I t  i s  f e l t  t h a t  t h e s e  te c h n iq u e s  a r e  l i k e l y  t o  p ro d u c e  
m is le a d in g  r e s u l t s  when a p p l i e d  t o  a  r e a l  p i c t u r e ,  p a r t i c u l a r l y  one ta k e n  
u n d e r  p o o r  l i g h t i n g  c o n d i t i o n s .  I t  i s  s u r e l y  b e t t e r  t o  h o ld  in f o r m a tio n  
i n  o n e 's  kno w le d g e  b a s e  a s  t o  t h e  l i k e l y  a p p e a ra n c e  o f  t h e  o b j e c t s  d e ­
s c r i b e d ,  in a p ic tu re  , th a n  to  t r y  t o  obtain a  potentially m is le a d in g  
m odel o f  t h e  p i c t u r e  i n  t h r e e  d im e n s io n s ,  and  th e n  t o  i n t e r p r e t  t h i s  
p r o b a b ly  d e f e c t i v e  m ode l.
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H a r r 's  p a ra d ig m  l i m i t s  th e  pow er o f  t h e  know ledge  u se d  in  s y s te m s  b u i l t  
u n d e r  i t .  I t  i s  l a b o r i o u s  f o r  su c h  a sy s te m  t o  f i n d ,  a s  F r e u d e r ' s (1976 ) 
sy s te m  c a n ,  an  o b j e c t  i t  knows s h o u ld  be  p r e s e n t  by lenient classification 
o t  r e g io n s  i n  t h a t  o b j e c t ' s  m o st l i k e l y  l o c a t i o n .  I f  t h e  l i n e  d ra w in g  
h a s  b e e n  p o o r ly  p r o d u c e d  a s  a r e s u l t  o f  b a d  l i g h t i n g ,  f o r  e x am p le , t h e  
sy s te m  w i l l  h a v e  d i f f i c u l t y  i n  m ak in g  a n o th e r  t o  con fo rm  t o  o t h e r  know­
le d g e  t h a t  becom es a v a i l a b l e  a t  some l a t e r  s t a g e .  I t  c a n n o t  u s e  t h e  im ­
p l i c a t i o n s  o f  i t s  h i g h - l e v e l  know ledge  t o  im prove  i t s  h a n d l in g  o f  
lo w - le v e l  d e c i s i o n s .  We a r e  p r o p o s in g ,  t h e n ,  t h a t  p i c t u r e s  b e  u n d e rs to o d  
i n  te rm s  o f  p i c t u r e s .
Look a t  f i g u r e  1 . M arr (M a rr ,1 9 7 9 )  c la im s  t h a t  t h i s  p i c t u r e  i s  p e r c e iv e d
" in  t e r n s  of" v e r y  p a r t i c u l a r  th r e e - d im e n s io n a l  s h a p e s ,  some f a m i l ­
i a r ,  some l e s s  s o . "
This a u th o r  d i s p u t e s  h i s  c la im ;  s u r e l y  t h e  name of t h e  p i c t u r e  i s  u se d  
t o  p ro v id e  c lu e s  a s  t o  t h e  i d e n t i t y  o f  t h o s e  o b j e c t s  n o t  c l e a r l y  c l a s s ­
i f i a b l e ,  a n d  th o s e  t h a t  a r e  u n d e r s to o d  w i th o u t  t h e s e  c l u e s ,  a r e  u n d e rs to o d  
a s  tw o - d im e n s io n a l  b lo t c h e s .  T h e n , o n ce  e v e r y th in g  h a s  be en  s a t i s f a c ­
t o r i l y  c l a s s i f i e d ,  a l l  o b j e c t s  i n h e r i t  from  th e  v ie w e r  a  sh a p e  i n  t h r e e  
d im e n s io n s .  W h ile  i t  u n f a i r  t o  c r i t i c i s e  t h e  pa ra d ig m  on  th e  b a s i s  
o f  a c om p lex  p i e c e  o f  a r tw o r k ,  w h ere  b a ck g ro u n d  know ledge  becom es im p o r­
t a n t  b y  t h e  n a t u r e  o f  t h e  p i c t u r e ,  t h e  d a . ', , )  h o ld s  t h a t  t h r e e - d im e n s io n a l  
s h a p e  i s  o f  l i t t l e  im p o r ta n c e  i n  t h e  e a r l y  s t a g e s  o f  c l a s s i f y i n g  a  s c e n e .  
We c la im  t h a t  sh a p e  i s  o f t e n  i n h e r i t e d  by o b j e c t s  in  a p i c t u r e  a f t e r  th e y  
h a v e  b e e n  c l a s s i f i e d ;  t h i s  e f f e c t  i s  p a r t i c u l a r l y  n o t i c e a b l e  when one 
c o n s id e r s  p i c t u r e s  o f  p o o r  q u a l i t y .  I n  t h e  r o c k  p i c t u r e s  show n, t h e 1 
r e a d e r  s h o u ld  n o t i c e  t h a t  t h e  r o c k s  a c q u i r e  s h a p e  o n ly  a f t e r  h e  h a s  p u z -
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The rite of spring.
z l e d  o u t  w here  t h e y  a r e ,  n o t  w h ile  h e  is . d o in g  s o ;  th u s  in f o r m a t io n  a b o u t 
t h e  tw o -d im e n s io n a l a p p e a ra n c e  o f  o b j e c t s  i s  b e in g  e x p l o i t e d .
T he am ount o f  i n f o r m a t io n  in v o lv e d  in  u n d e rs t a n d in g  s c e n e s  i s  w e l l  i l ­
l u s t r a t e d  by t h e  r o c k  p i c t u r e s .  H o s t p e o p le  who h av e  s e e n  t h e s e  p i c t u r e s ,  
d id  n o t  know w h at t h e y  r e p r e s e n te d  u n t i l  th e y  w ere  t o l d .  E ven  th e n  th e y  
w ere  n o t  s u r e  w h e re a b o u ts  i n  t h e  p i c t u r e s  t h e  r o c k s  w e re , and  c o u ld  I n ­
t e r p r e t  t h e  p i c t u r e s  c o r r e c t l y  o n ly  a f t e r  h a v in g  s e v e r a l  p i c t u r e s  e x ­
p l a in e d  t o  th e m . From t h i s  s t a g e  o n , th e y  w ere  a b l e  t o  i n t e r p r e t  t h e s e  
p i c t u r e s  f o r  th e m s e lv e s . T hus t h e  p r o c e s s  i s  l e a r n t ,  and i n  s t a g e s . O nly  
on ce  t h e s e  s t a g e s  h a v e  b e e n  t r a v e r s e d ,  :Ls t h e  p i c t u r e  u n d e rs to o d  i n  te rm s  
o f  t h e  th r e e - d im e n s io n a l  sh a p e  o f  t h e  o b j e c t s  r e p r e s e n te d .
We h a v e  la b o u re d  t h e  r e l a t i v e  u n im p o r ta n c e  o f  t h r e e - d im e n s io n a l  s h a p e  
in f o r m a t io n  in  t h e  e a r l y  s t a g e s  o f  s c e n e  a n a l y s i s ,  b e c a u s e  t h e  sy s te m  
d e s c r ib e d  h e r e  i g n o r e s  t h i s  i n f o r m a t io n  c o m p le t e ly .  We f e e l  t h a t  t h e  
r e s u l t s  o b ta in e d  i n  t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n  a n a ly s i s  w ork  j u s t i f y  
t h e  tis e  o f  t h e  te c h n iq u e s  d e s c r ib e d ,  a l th o u g h  th e y  make t h e  l a t e r  e x ­
p l o i t a t i o n  o f  t h r e e - d im e n s io n a l  sh a p e  in f o r m a t io n  d i f f i c u l t .  The r e l a ­
t i v e  u n im p o r ta n c e  o f  t h i s  i n f o r m a t io n  m eans t h a t  t h e i r  i n a b i l i t y  t o  h a n d le  
t h i s  in f o r m a t io n  d o e s  n o t  m i l i t a t e  a g a i n s t  them .
IMAGE REPRESENTATION.
I t  i s  im p o r ta n t  t o  c o n s id e r  how im ages may b e  r e p r e s e n te d ,  a s  t h e  c h o ic e  
o f  im age r e p r e s e n t a t i o n  w i l l  o f t e n  i n f lu e n c e  th e  a b i l i t i e s  o f  t’h e  sy s te m
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in  q u e s t i o n .  We. w ish  t o  r e p r e s e n t  t h e  im age in  a s  p o w e r fu l a  fo rm  as 
p o s s i b l e ,  w h i le  c o n s e r v in g  a s  much s p a c e  a s  p o s s i b l e .  We w ish  t o  s t o r e  
t h e  p i c t u r e  i n  a f a s h i o n  c o m p a tib le  w i th  t h e  sy s te m  we a r e  d e s c r i b i n g ,  
t h a t  i s ,  we w ish  t o  h o ld  in f o r m a t io n  p e r t a i n i n g  t o  t h e  r e g io n s  w i th in  th e  
p i c t u r e  i n  a s  t r a c t a b l e  a fo rm  a s  p o s s i b l e .
l a t e r  s t a g e
t h a t  e a c h
p i c t u r e .
a p r i m i t i v e
in s p e c t
F o r  t h i s  p u r p o s e ,  i t  m u st b e  assum ed 
t r u s t w o r t h y ,  t h a t  i s ,  t h a t  i t  w i l l  n o t  b< 
t o  a s k  i t  t o  r e v i s e  i t s  d e c i s i o n s .  T h is  i s  t h e  saim 
p r i m i t i v e  i s  r e p r e s e n te d  by  a t  l e a s t  o n e  r e g io n  in  
and  t h a t  no  tw o p r i m i t i v e s  s h a r e  a  r e g i o n ,  w h ere  
s u n d e rs to o d  by  a 
( T h a t i s ,  we d'
s t r u c t u r e  t o  f i n d  a p r i m i t i v e :  i t  i s  a  p i e c e  o f  p i c t u r e  t h a t  s ta n d s  i n  
i t s  own r i g h t . ) S o , o n c e  we h a v e  seg m en ted  a  p i c t u r e ,  we may d i s c a r d  th e  
p i c t u r e  i t s e l f  i n  f a v o u r  o f  a  r e p r e s e n t a t i o n  o f  th e  seg m en ted  p i c t u r e  t h a t  
i s  m ore c om pac t t h a n  th e  p i c t u r e  i t s e l f ,  i f  i t  r e t a i n s  t h e  in f o r m a t io n  
we r e q u i r e .  T he q u e s t io n  i s ,  w h at do we w ish  t o  r e p r e s e n t  ?
T h is  i s s u e  i s  n o t  y e t  f u l l y  s e t t l e d ,  a s  t h e  sy s te m  i t s e l f  i s  s t i l l  a  
p r o to ty p e ;  h o w ev e r, we ^ h a l l  d e s c r ib e  w hat w as r e p r e s e n te d  and  how, and 
we c la im  t h a t  t h e  sy s te m  a l lo w s  e x p a n s io n  o f  t h e  r e p r e s e n t a t i o n .  As has 
b e e n  s e e n  a b o v e , t h e  m ost im p o r ta n t  i n f o r m a t io n  t h a t  one  may h av e  a b o u t 
a  r e g io n  a p p e a rs  t o  b e  t h e  l i s t ,  h e ld  i n  some fo rm , o f  i t s  n e ig h b o u r s , 
We w ish  a l s o  t o  h o ld  some r e p r e s e n t a t i o n  o f  i t s  s i z e ,  i t s  a v e r a g e  g r e y  
l e v e l ,  i t s  t e x t u r e ,  and  i t s  s h a p e  in  tw o - d im e n s io n s .
I t  c an  b e  s t a t e d  c l e a r l y  a t  t h i s  p o in t  t h a t  t h e  i s s u e  o f  tw o -d im e n s io n a l 
s h a p e  h a s  b e e n  l a r g e l y  a v o id e d ;  i n  i t s  p r e s e n t  s t a t e ,  t h e  p r o to ty p e  system .
n e i t h e r  n e ed s  n o r  u s e s  t h e  i n f o r m a t io n .  I t  i s  a c c e p te d  t h a t  t h i s  w i l l  
become an im p o r ta n t  i s s u e ,  and t h a t  i t  i s  c r u c i a l  t o  th e  r e p r e s e n t a t i o n  
o f  p i c t u r e s  a t  a  h ig h  l e v e l  t o  f i n d  a r e p r e s e n t a t i o n  o f  s h a p e  t h a t  w i l l  
a l lo w  o n e  t o  d e c id e  w h at t h e  s h a p e  w i l l  b e  o f  a r e g io n  c r e a t e d  by m e rg in g  
tw o o t h e r  r e g io n s  o f  known s h a p e ,  w i th o u t  r e f e r e n c e  t o  th e  p i c t u r e  i t s e l f .  
T he i s s u e  h a s  s im p ly  c a u se d  i n s u f f i c i e n t  p ro b le m s up  t o  t h i s  s t a g e  t o  
w a r r a n t  m ore th a n  b r i e f  a t t e n t i o n ;  i t  i s  f e l t  t h a t  t h e  r e g io n  r e p r e s e n ­
t a t i o n  a d o p te d  h a s  s u f f i c i e n t  p o w er , w i th  some a t t e n t i o n ,  t o  a l lo w  a 
s o lu M o n  o f  t h i s  p ro b le m  w i th o u t  m o d i f i c a t i o n  t o  t h e  r e p r e s e n t a t i o n .
The i s s u e  o f  r e p r e s e n t i n g  th e  r e g io n  s t r u c t u r e  o f  th e  p i c t u r e  h a s ,  how­
e v e r ,  r e c e iv e d  much a t t e n t i o n ,  d a t in g  from  t h e  e a r l y  d a y s  o f  t h e  
p a r t i c l e - s i z e  d i s t r i b u t i o n  a n a ly s e r  w o rk . A t t h a t  s t a g e ,  a  r e p r e s e n ­
t a t i o n  was r e q u i r e d  t h a t  i n d i c a t e d  how a  r e g io n  r e l a t e d  t o  i t s  o u t s i d e  
n e ig h b o u r s ,  t h e  i n s i d e  n e ig h b o u rs  b e in g  ig n o r e d  f o r  r e a s o n s  we s h a l l  d e ­
t a i l  l a t e r .  The c h a in - c o d e  a p p ro a c h , a s  d e t a i l e d  i n ,  f o r  ex am p le , 
R o s e n f e ld  ( 1 9 8 2 ) ,  w as u n a p p e a l in g  on  t h e  g ro u n d s  o f  i t s  p o t e n t i a l  
i n t r a c t a b i l i t y .  I n  t h e  r o c k  p i c t u r e s  o b t a in e d ,  r e g io n s  te n d e d  t o  h av e  
lo n g  b o u n d a r ie s ,  w i th  many c h a n g e s  o f  d i r e c t i o n  in  th e m , b u t  w i th  few 
n e ig h b o u rs  r e p r e s e n te d .  T h u s , a  v a s t  c h a in  co d e  c o u ld  b e  o b ta in e d  w ith  
much la r g e ly - r e d u n d a n t  i n f o r m a t i o n .  T he n e ig h b o u r- c o d e  r e p r e s e n ta t i o n  
was th e n  s u g g e s te d  by  B e rg e r  (1964  ( a ) )  and  th e n  r e f in e d  by  t h i s  a u th o r .  
T h is  r e p r e s e n t a t i o n  w i l l  b e  d e s c r ib e d  i n  d e t a i l  i n  t h e  body  o f  t h e  d i s ­
s e r t a t i o n .
T he s t a n d a r d  d e v ia t i o n  o f  t h e  g r e y  l e v e l  o v e r  t h e  r e g io n  h a s  b e e n  chosen , 
t o  r e p r e s e n t  t e x t u r e .  T h is  c h o ic e  i s  op en  t o  d i s c u s s io n :  i t  i s  c e r t a i n l y
n o t  t h e  o n ly  way in  w h ic h  o n e  may r e p r e s e n t  t e x t u r e .  H ow ever, we h av e  
a g a in  n o t  a d d re s s e d  t h i s  i s s u e  i n  d e t a i l ,  a s  t h e  m ain  t h r u s t  o f  t h e  w ork
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was in te n d e d  t o  e s t a b l i s h  th e  f e a s i b i l i t y  and u s e f u l n e s s  o f  th e  ty p e  o f  
sy s te m  d e s c r i b e d .
KNOWLEDGE REPRESENTATION
R e p r e s e n t in g  k now ledge  i s  n o t  t h e  sam e p ro b lem  a s  r e p r e s e n t in g  p i c t u r e  
d a t a :  h o w ev e r, we r e q u i r e  from  o u r  s o l u t i o n  t o  t h e  fo rm e r  p ro b le m , t h e  
same c h a r a c t e r i s t i c s  a s  we r e q u i r e  from  th e  s o l u t i o n  t o  t h e  l a t t e r .  A 
s im p le ,  t r a c t a b l e  te c h n iq u e  i s  r e q u i r e d  a t  t h i s  s t a g e ,  and pow er may b e  
s a c r i f i c e d  f o r  s i m p l i c i t y .  T h u s , a l th o u g h  th e  i s s u e  w i l l  b e  d is c u s s e d ,  
o u r  know ledge  f o rm a t  w i l l  n o t  i n  a n y  way r e p r e s e n t  t h e  s t a t e  o f  t h e  a r t .
T h e re  a r e  s e v e r a l  kno w le d g e  r e p r e s e n t a t i o n s  p ro p o s e d  a t  p r e s e n t :  t h e  m ain  
them es seem  t o  b e  s e m a n t ic  n e t s , f r a m e s , r u l e s  a n d  th e  p r e d i c a t e  c a l c u l u s ,  
w h i le  o t h e r  r e p r e s e n t a t i o n s  h a v e  be en  p ro p o s e d . (S e e  f o r  exam p le , 
C h a rn ia k  ( 1 9 8 1 ) ,  a  p a p e r  w h ic h  p r o p o s e s  a  k now ledge  r e p r e s e n t a t i o n  t h a t  
h a s  th e  f l a v o u r  b o th  o f  f ra m e s  a n d  t h e  p r e d i c a t e  c a l c u l u s . )  C o n s id e r in g  
a  p ie c e  o f  kno w le d g e  a s  a r u l e ,  and  t h in k i n g  o f  i t  s o l e l y  i n  t h o s e  te rm s  
a p p e a rs  t o  r e s t r i c t  o n e 's  p e r c e p t i o n  o f  t h e  p o t e n t i a l  o f  t h e  kn o w le d g e, 
a s  i t  i s  t o o  e a s y  t o  g e t  d i s t r a c t e d  b y  th e  im p l i c a t i o n s  o f  t h e  " i f  -  th e n "  
c o n s t r u c t . T h u s , a l th o u g h  t h e  know ledge  r e p r e s e n t a t i o n  we h a v e  a d o p te d  
i s  i n  a  r u l e - l i k e  f o rm a t ,  we h av e  a v o id e d  s a y in g  " i f  t h i s  t h e n  t h a t " .  
The r e p r e s e n t a t i o n  i s  r a t h e r  a s  a  " t h i s  r e l a t e s  t o  t h a t "  fo rm .
B a r r  and Fe igenbaum  (1961 ) p r e s e n t  a  d i s c u s s io n  o f  t h e s e  te c h n iq u e s  w hich  
we s h a l l  sum m arise  h e r e .  . L o g ic a l  r e p r e s e n t a t i o n s  su c h  a s  t h e  p r e d i c a t e
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t u r a l  r e p r e s e n t a t i o n  f o r  c e r t a i n  n o t i o n s .  H ow ever, i t  i s  o f t e n  th e  c a se  
t h a t  l o g i c s  n e e d  t o  b e  n o n - m o n o to n ic * 'a n d  t h i s  • r e n d e r s  th e m , f o r  o u r  
p u rp o se  a t  l e a s t ,  i n t r a c t a b l e .
A s e m a n t ic  n e tw o rk  i s  a  s t r u c t u r e  i n  w h ic h  know ledge  i s  r e p r e s e n te d  by 
l i n k s  o f  d i f f e r e n t  ty p e s  b e tw ee n  n o d e s . N odes u s u a l ly  r e p r e s e n t  s i t u ­
a t i o n s ,  o b j e c t s  o r  c o n c e p ts ,  and  t h e  l i n k s  t h e  r e l a t i o n s  t h a t  e x i s t  b e ­
tw e en  th e m . S e m a n tic  n e tw o r k s , and  an  e l a b o r a t i o n  o f  t h e  n e tw o rk  id e a  
i n t o  a s t r u c t u r e ,  t h e  f ra m e , a r e  t h e  s u b j e c t s  o f  much r e s e a r c h .
T he r e p r e s e n t a t i o n a l  s t r u c t u r e  w i th  w h ic h  we a r e  c o n c e rn e d , t h e  r u l e ,  h a s  
b e e n  much i n  vogue  r e c e n t l y ,  w i th  t h e  s u c c e s s  o f  e x p e r t - s y s te m  te c h n o lo g y  
i n  c o m m erc ia l a p p l i c a t i o n s . The id e a  a c t i n g  h e re  i s  t h a t  a  p i e c e  o f  
k now ledge  may b e  e x p re s s e d  i n  an  " IF  ( c o n d i t i o n s )  THEN ( a c t i o n s ) "  fo rm . 
T h is  r e p r e s e n t a t i o n  h a s  b e e n  u s e d  v e r y  s u c c e s s f u l l y  f o r  e x p e r t  dom ain  
k n o w le d g e , a n d  seem s t o  le n d  i t s e l f  v ' r y  w e l l  t o  r e p r e s e n t in g  th e  ty p e  
o f  k now ledge  r e q u i r e d  t o  s o lv e  t h i s  k in d  o f  p ro b le m . I t  h a s  d is a d v a n ­
t a g e s :  p r e s e n t  e x p e r t  s y s te m s  f a c e  p o t e n t i a l  p ro b le m s w i th  s a t u r a t i o n ,  
w here  t h e  r u l e  b a s e  becom es s o  l a r g e  t h a t  t h e  sy s te m  h a s  r e a l  d i f f i c u l t y  
g e t t i n g  a n y th in g  d o n e .
R e c e n t  w ork  h a s  show n t h a t  s y s te m s  may b e  b u i l t  t h a t  change  o r  u p d a te  
r u l e s  t o  a l lo w  th em  t o  h a n d le  s i t u a t i o n s  t h a t  t h e y  h a v e  n o t  , p r e v i 6 u s ly
1 A m o n o to n ic  l o g i c  i s  a  l o g i c a l  sy s te m  in  w h ic h , i f  i t  i s  p o s s i b l e  t o  
de d u ce  a th e o re m  w i th  a s e t  o f  a s s e r t i o n s ,  a d d i t i o n s  t o  t h a t  s e t  w i l l  
n o t  l a t e r  n e g a te  t h e  th e o re m .
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e n c o u n te re d  ( L e n a t , 1 9 8 0 ) . Brachm an c t  a l  (3 9 8 3 J q u o te  H ar t fls s a y in g  in  
a 1980 p a p e r  t h a t  c u r r e n t  e x p e r t  sy s te m s  t y p i c a l l y  show up b a d ly ,  a s  th e y  
a r e  u n a b le  t o  r e c o g n i s e  o r  d e a l  w i th  p ro b le m s f o r  w h ich  t h e i r  own know­
le d g e  i s  i n a p p l i c a b l e  o r  i n s u f f i c i e n t :  t h i s  s i t u a t i o n  w ould  a p p e a r  t o  be 
c h a n g in g , b u t  t h e  c r i t i c i s m  i s  s t i l l  l a r g e l y  v a l i d .  T hese  p ro b lem s a r e  
t o  an e x t e n t  i n h e r i t e d  from  th e  r u l e  r e p r e s e n t a t i o n  o f  know ledge.
We h av e  re v ie w e d  h e r e  t h e  m a jo r  i d e a s  i n  know ledge  r e p r e s e n t a t i o n .  The 
c r i t e r i o n  by  w h ic h  a  te c h n iq u e  w as c h o se n  f o r  t h e  p r o to ty p e  sy s te m  was 
a g a in  s i m p l i c i t y  o f  im p le m e n ta t io n , r e c a l l i n g  t h a t  a r e p r e s e n t a t i o n  was 
d e s i r e d ,  l e s s  f o r  t h e  m a in te n a n c e  o f  p ro b lem  kn o w le d g e, th a n  f o r  p r o v id in g  
a  s im p le  e x p l i c i t  know ledge  f a c i l i t y  i n  t h e  sy s te m . A r u l e - t y p e  r e p r e ­
s e n t a t i o n  was c h o se n  f o r  i t s  p o t e n t i a l  s i m p l i c i t y  o f  im p le m e n ta t io n  i n  
FORTRAN (w h ich  la n g u a g e  c h o ic e  w i l l  b e  e x p la in e d )  and  b e c a u s e  i t  a p p e a re d  
t h a t  u p d a t in g  t h e  t h e  know ledge  b a s e  c o u ld  b e  s i m p l i f i e d  by  u s in g  t h i s  
r e p r e s e n t a t i o n .  I t  w i l l  b e  s e e n  l a t e r  t h a t  t h e  r u l e s  h av e  be en  u s e d  in  
d i f f e r e n t  w a y s , d e p e n d in g  on  t h e i r  te rm s  o f  r e f e r e n c e ;  t h e r e  i s  a  s t r o n g  
s i m i l a r i t y  t o  a n  i n t e r p r e t e d  la n g u a g e  w here  s ta te m e n t  o r d e r  i s  n o t  im ­
p o r t a n t .
KNOWLEDGE MANIPULATION.
A n o th e r  im p o r ta n t  q u e s t i o n  w h ic h  a r i s e s  i s ,  "How we m a n ip u la te  know ledge  
t h a t  i s  i n a c c u r a t e :  how do we r e a c h  a  d e c i s i o n  b a se d  on p o o r  e v id e n c e  ?"  
T h is  i s  a g a in  a  r e s e a r c h  i s s u e  i n  i t s e l f ,  and  th e  sy s te m  we h av e  a d o p te d  
d o e s  n o t  c la im  t o  b e  o p t im a l .  As th e  te c h n iq u e s  d e v e lo p e d  so  f a r  a p p e a r
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t o  be i n  s largo m e asu re  o n ip i r jc a ] ,  and  a s  t l i o re  appears t o  bo no  s t r o n g  
u n i f y in g  id e a  a t  p r e s e n t  i n  t h i s  f i e l d ,  we h av e  a g a in  c h o sen  t h e  s im p le s t  
te c h n iq u e  t h a t  w i l l  m e et o u r  p r e s e n t  n e ed s  in  t h i s  m a t t e r .
The p ro b le m  o f  r e a c h in g  a  d e c i s i o n  b a s e d  on p o o r  e v id e n c e  i s  a c o n s id e r ­
a b l e  o n e ,  and  a l th o u g h  n o t  an  im m ed ia te  p ro b lem  i n  t h e  c a s e  o f  t h e  p r e s e n t  
p r o t o t y p e ,  w h ic h  w i l l  s im p ly  make th e  w rong  d e c i s i o n  when fa c e d  w i th  p o o r  
e v id e n c e ,  i t  is one t h a t  r e q u i r e s  a d d r e s s in g ,  a s  t h e  s y s te m  i s  in te n d e d  
t o  b e  a  p r o to ty p e  o f  a d e v ic e  t h a t  w i l l  o p e r a te  on r e a l  p i c t u r e s ,  and 
h e n ce  w i l l  r e q u i r e  a  c e r t a i n  d e g re e  o f  n o is e  im m unity.W e w i l l  t h e r e f o r e  
b r i e f l y  sum m arise  t h e  te c h n iq u e s  a v a i l a b l e .
One may u s e  a  B a y e s ia n  t e c h n iq u e ,  w h ere  a  c o m b in a t io n  o f  a  p r i o r i  p r o b a ­
b i l i t i e s  l e a d s  t o  a  p r o b a b i l i t y  on  w h ich  a d e c i s i o n  may b e  b a s e d . 
S h o r t l i f f e  e t  a l  (1 9 8 4 ) q u o te  Duda a s  u s in g  t h e s e  m e thods i n  th e  
PROSPECTOR s y s te m , w i th  c o n s id e r a b l e  s u c c e s s .  T he p ro b lem  w i th  B a 'yesian  
te c h n iq u e s  i f f  t h a t  t h e  a, p r i o r i  p r o b a b i l i t i e s  a r e  n o t  a lw ay s  e a s y  to  f i n d ,  
and  th e  te c h n iq u e  seem s t o  b e  u n p o p u la r  a s  a r e s u l t .
D uBois e t  a l  (1 9 8 0 )  p r e s e n t  Z a d e h 's  c o n c e p t o f  t h e  fu z z y  s e t ,  w here  a 
s e t ’ s  members a r e  a s s ig n e d  a d e g re e  o f  m e m b ersh ip , and w h ere  f u n c t i o n s  
may b e  d e f in e d  t o  d e s c r ib e  t h e  d e g re e  o f  m em bersh ip  o f  an o b je c t  i n  t h e  
u n io n  o r  i n t e r s e c t i o n  o f  t h e  s e t s .  The t h e o r y  i s  de ep  and r a t h e r  a p ­
p e a l i n g ,  a s  fu z z y  f u n c t i o n s  and fu z ^ y  num bers may b e  d e f in e d .  T h e re  i s ,  
h o w ev e r, fit l e a s t  one  c o n s id e r a b le  p ro b lem  t o  b e  c o n s id e r e d  in  u s in g  t h i s  
t h e o r y  i n  an im p lem e n te d  s y s te m .
C o n s id e r  t h e  s e t  o f  s t u d e n t s  i n  a c l a s s ;  we w ish  t o  d e f in e  f o r  e a c h  s t u ­
d e n t  h i s  d e g re e  o f  m em bersh ip  in  t h e  s e t  o f  t a l l  p e o p le .  A s e v e n - fo o t
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s tu d e n t  i s  a member t o  deg rect 1 ( t h e  s c a l e  it .  c o n v e n t io n a l ly  0 -  1) ;  b u t 
t o  w h at d e g re e  i s  a  s i x - f o o t  s tu d e n t  a member ? The p ro b lem  i s  s im p ly  
w hat t h e  m em bersh ip  f u n c t i o n  s h o u ld  lo o k  l i k e .  T h e re  a r e  o t h e r  p r o b le m s : 
g e n e r a l l y ,  w i th  t h e  f u n c t i o n s  d e s c r ib e d  i n  D uB ois e t  a l  ( 1 9 8 0 ) ,  t h e  t r u t h  
v a lu e  o f  t h e  p r o p o s i t i o n  d o e s  n o t  n e c e s s a r i l y  in c r e a s e  a s  e v id e n c e  m o u n ts , 
and a  " s t r o n g "  p i e c e  o f  e v id e n c e  may b e  o u tw e ig h e d  by  a w eak o n e . T h is  
d o e s n o t  e a s i l y  le a d  t o  a  g o o d ,m o d e l o f  human e v id e n c e  c o m b in a t io n .
F o r  t h e  MYCIN s y s te m , S h o s t l i f f e .  (1 9 6 3 )  d e v e lo p e d  a sy s te m  t h a t  a p p e a rs  
t o  w ork  r a t h e r  w e l l .  I t  d o e s  h o w ev e r, a p p e a r  t o  h a v e  b e e n  d e v e lo p e d  
r a t h e r  e m p i r i c a l l y  w ith  t h e  MYCIN i s s u e s  i n  m ind , and  a s  su c h  w ou ld  n o t  
s u i t  o u r  p u r p o s e ,  a s  i t  c a n n o t  b e  l i f t e d  s t r a i g h t  c u t  o f  t h e  MYCIN c o n te x t  
and  u s e d .  ( S h o r t l i f f e  (1 9 6 3 )  p o in t s  o u t  w e a k n e s s e s  i n  t h e  sy s te m , w i th  
t h e  p r o v i s o  t h a t  MYCIN i t s e l f  w orked  v e ry  w e l l . )
As in  a l l  t h e  o t h e r  f i e l d s  we h a v e  d i s c u s s e d ,  we w ish e d  f o r  o u r  p r o to ty p e  
th e  s i m p le s t  p o s s i b l e  te c h n iq u e  t h a t  w ou ld  s e r v e  o u r  p u r p o s e s .  Thus t h e  
fu z z y  s e t  r e p r e s e n t a t i o n  was u s e d ,  b o th  b e c a u s e  i t  d e f a u l t s  i n  t h e  c a s e  
o f  d e f i n i t e  e v id e n c e  t o  t h e  B o o lea n  m o d e l, and  b e c a u se  we d id  n o t  r e q u i r e  
e x t e n s i v e  w ork  w i th  p o o r  e v id e n c e .
REASONING ABOUT,'CONTROL.
We h av e  s t a t e d  how im p o r ta n t  i t  i s  t h a t  a  k n o w le d g e-b ase d  sy s te m  b e  a b le  
t o  r e a s o n  a b o u t how i t  w i l l  u s e  i t s  k n o w le d g e . A lth o u g h  th e  l i t e r a t u r e  
seem s t o  r e f l e c t  no  c l e a r  . t r e n d s  a t  t h i s  s t a g e ,  t h i s  a u th o r  f e e l s  t h a t
BACKGROUND
t h e  s o l u t i o n  t o  t h i s  p ro b lem  l i e s  b o th  in  u s in g  th r. te c h n iq u e  o f  d i v e r t i n g  
th e  i n t e r p r e t e r ' s  a t t e n t i o n  to  c e r t a i n  K S 's  a t  t h e  e x p e n se  o f  o t h e r s ,  and 
in  p r o v id in g  t h e  i n t e r p r e t e r  w i th  d i f f e r e n t  te c h n iq u e s  o f  know ledge  e x ­
p l o i t a t i o n ,  a n d  a l lo w in g  th e  know ledge  b a s e  t o  f o r c e  s w itc h e s  be tw een  
th e m , g e n e r a l l y  a s  a  r e s u l t  o f  t h e  c o n te x t  i n  w h ic h  know ledge  a p p e a rs .
F o r  e x a m p le , t h e  f i r s t  t e c h n iq u e  w ould  r e s u l t  i n  a  s c e n e  a n a l y s i s  sy s te m  
w h ich  when a sk e d  to  f i n d  an  e l e p h a n t  i n  a s c e n e ,  w ou ld  p r e v e n t  know ledge  
a b o u t d i f f e r e n t  a n im a ls  from  r e a c h in g  th e  i n t e r p r e t e r .  D av is  (1980) 
d i s c u s s e s  e te c h n iq u e  w h ere  p l a u s i b l y - u s e f u l  know ledge  s o u r c e s  (P K S 's)  
a r e  fo u n d , by  f i r s t  r e j e c t i n g  th o s e  K S 's  w h ic h  a r e  d e f i n i t e l y  n o t  u s e f u l ,  
and  th e n  o r d e r in g  by u t i l i t y  t h e  r e s t .  T h e s e  p r o c e s s e s  a r e  th e m se lv e s  
k n o w le d g e -d r iv e n . I t  i s  n o t  e a s y ,  h o w ev e r, t o  s e e  a  r e l i a b l e  te c h n iq u e  
w hereby  know ledge  may b e  s u p p r e s s e d  w i th o u t  l o s i n g  r e l e v a n t  know ledge, 
whose r .e ’ - v m e e  i s  n o t  im m e d ia te ly  o b v io u s . I n  o u r  p r o to ty p e  sy s te m  a l l  
p ie c e s  o f  k now ledge  a r e  b ro u g h t  t o  t h e  a t t e n t i o n  o f  t h e  i n t e r p r e t e r ,  and 
th o s e  w h ic h  do n o t  f u l f i l  a  r e le v a n c e  c r i t e r i o n  a r e  ig n o r e d .  T h is  i s  a 
p r i m i t i v e  im p le m e n ta t io n  o f  t h e  above t e c h n iq u e .
The se co n d  te c h n iq u e  i s  i l l u s t r a t e d  i n  o u r  p r o to ty p e  w hen we c o n s id e r  th e  
k now ledge  t h a t  d e s c r ib e s  s t r u c t u r e .  I f  a  KS r e l e v a n t  t o  t h e  s t r u c t u r a l  
d e s c r i p t i o n  we a r e  s e e k in g  i s  lo a d e d  i n t o  th e  i n t e r p r e t e r ,  i t  i s  in s p e c t e d  
t o  a s c e r t a i n  w h a t o t h e r  know ledge  may b e  r e l e v a n t ,  and th e n  h e ld  f o r  f u -  
t u r . P r e f e r e n c e ;  l a t e r ,  w hen we a r e  a c t u a l l y  lo o k in g  f o r  t h a t  s t r u c t u r e  
in  t h e  s c e n e ,  t h e  know ledge  w i l l  be  e v a lu a te d  a s  a r u l e  t o  i n d i c a t e  w hat 
v a lu e  we a s s o c i a t e  w i th  a  g iv e n  s e t  o f  r e g io n s  b e lo n g in g  t o  t h a t  s t r u c -
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IMPLEMENTATION ISSUES.
T he sy s te m  d e s c r ib e d  w as im p lem en ted  in  HP FORTRAN-77, on an  HP-1000 
m in i -c o m p u te r .  FORTRAN w as u s e d  b e c a u se  o f  t h e  a u t h o r ' s  c o n s id e r a b l e  
f a m i l i a r i t y  w i th  t h e  la n g u a g e  and b e c a u s e  t h e  o n ly  o t h e r  la n g u a g e s  
a v a i l a b l e  w ere  a n  u n te s t e d  s u b s e t  o f  L IS P , and  PASCAL. To a v o id  
i n t e r p r e t e r - t e s t i n g  i s s u e s ,  and  b e c a u se  t h e  PASCAL c o m p ile r  a v a i l a b l e  a t  
t h e  t im e  w as e x tre m e ly  s lo w , FORTRAN w as th e  o b v io u s  c h o ic e .  T he code 
was d e s ig n e d ,  w r i t t e n ,  and  t e s t e d  from  May t o  A u g u s t, 1 965 , i n c l u s i v e .
As t h e  H P-1000 u s e d  h a s  a  maximum p a r t i t i o n - s i z e  (co d e  and d a t a )  o f  32K 
i t  becam e n e c e s s a r y  t o  segm en t t h e  c o d e , w h ic h  had  n o t  o r i g i n a l l y  b e en  
w r i t t e n  w i th  t h i s  i n  m ind . The w ord seg m en t w i l l  r e f e r  be low  t o  t h e  code  
se g m e n ts ,  w h ic h  u n f o r t u n a t e l y  c o r r e s p o n d  t o  t h e  sy s te m  b lo c k ,  l e a d in g  t o  
p o t e n t i a l  c o n fu s io n  u n le s s  o n e 's  n o m e n c la tu re  i s  c a r e f u l .
CONCLUSION.
We h a v e  in t r o d u c e d  th e  i d e a s  t h a t  a p p e a r  i n  t h e  r e s t  o f  t h i s  d i s s e r t a t i o n  
and  a t te m p te d  t o  show t h e i r  o r i g i n s .  The w ork  t h a t  i s  d e s c r ib e d  below  
d e p a r t s  i n  many w ays from  th e  m a in s tre a m  o f  c u r r e n t  v i s i o n  w o rk , b u t  i s  
r o o te d  in  r e s p e c t a b l e  c o n c e p ts .  The p r o to ty p e  b u i l t  i s  s t i l l  a  f r a g i l e  
c u r i o s i t y ,  r a t h s r  th ,m  an e n g in e e r in g  s o l u t i o n ,  y e t  i t  r e p r e s e n t s  an  a t ­
te m p t Vf' ■ 5})? i d e a s  p r e s e n te d ,  w i th  te c h n iq u e s  d e v e lo p e d  by  t h i s  a u th o r  
a n d  tw o „ w o rk e r s ,  t o  p ro d u c e  a sy s te m  t f i a t  c an  s e e .
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NEIGHBOUR CODES.
(Some o f  t h e  w ork  d e s c r ib e d  h e re  w as s u b m it te d  i n  a r e s e a r c h  r e p o r t  t o  
th e  W its  D e p a rtm e n t o f  E l e c t r i c a l  E n g in e e r in g  f o r  a B .S c . ( E le c .E n g . ) , i n  
W hich t h e  c o n c e p t  o f  n e ig h b o u r  c o d e s ,  and  t h e  way t h a t  th e y  c o u ld  b e  
m erged  w hen no  e n c lo s e d  r e g io n s  e x i s t e d ,  w ere  d e s c r ib e d .  T he a lg o r i th m  
t o  d e a l  w i th  t h i s  s i t u a t i o n  was d e v e lo p e d  a f t e r  t h i s  r e p o r t  was s u b m i t te d ,  
and th e  m a t e r i a l  i s  p r e s e n t e d  a s  a w ho le  f o r  s i m p l i c i t y 's  s o k e . )
We h av e  s a i d  a b o v e  t h a t  w hen one  c o n s id e r s  a  p i c t u r e  i n  te rm s  o f  r e g io n s ,  
t h e i r  n e ig h b o u r s ’ q u a l i t i e s  becom e t h e  m o st im p o r ta n t  i n f o r m a t io n  t h a t  
we can  p r o v id e  . i n  a  r e p r e s e n t a t i o n  a t  a  h ig h e r  l e v e l  -b a n  t h e  p i c t u r e  
i t s e l f .  H ow ever, i t  a l s o  becam e a p p a r e n t  t h a t  r e p r e s e n t a t i o n s  su c h  as 
t h e  c h a in  c o d e  w ere  n o t  i d e a l .  T h es e  f a c t s  s p u r r e d  th e  d e v e lo p m e n t o f  
t h e  id e a  o f  t h e  n e ig h b o u r  c o d e , w h ic h  h a s  s o  f a r  p ro v ed  i t s e l f  u s e f u l  a s  
a  r e p r e s e n t a t i o n  o f  a  se g m en ted  p i c t u r e .
I f  one  may m erge  and  a n a ly s e  r e g io n s  on a  b a s i s  o f  t h e i r  n e ig h b o u r s , c an  
we n o t  th e n  d e v e lo p  a r e p r e s e n t a t i o n ,  l e s s  b u lk y  th a n  t h a t  o f  t h e  e n t i r e " 
p i c t u r e ,  t h a t  w i l l  h o ld  t h i s  i n f o r m a t i o n ,  and  i n  w h ich  one  may r e p r e s e n t  
m erges w i th o u t  r e v e r t i n g  t o  t h e  o r i g i n a l  p i c t u r e  ? I t  tu r n s  o u t  t h a t  we 
c a n  in d e e d  do  s o .  The r e p r e s e n t a t i o n  i s  fo rm ed  s im p ly  by  l i s t i n g  th e  
n e ig h b o u rs  i n  t h e  o r d e r  i n  w h ic h  th e y  o c c u r  in  a t r a v e r s a l  o f  t h e  o u t s i d e  
b o u n d a ry  o f  t h e  r e g io n ,  and  i s  c a l l e d  t h e  n e ig h b o u r  c o d e .
NEIGHBOUR CODES.
PROPERTIES OF THE NEIGHBOUR CODE.
The f i r s t  q u e s t i o n  t h a t  o c c u r s  i s ,  "Why o n ly  t h e  o u t s i d e  n e ig h b o u rs ? "  
T he a n sw e r  i s  s im p le :  " i f  a  r e g io n  i s  e n t i r e l y  c o n ta in e d  by  a n o th e r ,  t h e  
in f o r m a t io n  i s  p r e s e r v e d  i n  t h e  c o n ta in e d  r e g i o n ' s  n e ig h b o u r  c o d e , and 
n e e d  n o t  b e  e n t e r e d  i n t o  t h e  o t h e r ' s  c o d e , w h ere  i t  c o u ld  c a u se  c o n s id ­
e r a b l e  b o o k -k e e p in g  p ro b le m s  a t  some l a t e r  s t a g e . "  We ig n o r e  i n t e r n a l  
r e g io n s  when fo rm in g  th e  c o d e ; t h a t  d o e s  n o t  mean t h a t  t h e  r e g io n s  on  th e  
i n s i d e  r e c e iv e  no c o n s i d e r a t i o n ,  n o r  t h a t  t h e i r  r e l a t i o n s h i p  w i th  t h e i r  
e n c lo s i n g  n e ig h b o u r  i s  n o t  r e c o r d e d ,  b u t  t h a t  su c h  c o n s id e r a t i o n  i s  p e r ­
fo rm ed  when we i n s p e c t  t h e  e n c lo s e d  r e g io n s ' o u t s i d e  n e ig h b o u rs .  F o r  a 
c o n s i s t e n t  r e p r e s e n t a t i o n  o f  th e  r e g io n  s p a c e ,  i t  i s ,  h o w ev e r, important 
t o  t r a v e r s e  e a c h  r e g i o n ' s  b o u n d a ry  i n  t h e  same d i r e c t i o n  ( i . e .  e i t h e r  a l l  
c lo c k w is e  o r  a l l  a n t i - c l o c k w i s e ) .  The co d e  i s  c y c l i c ;  i t  i s  n o t  im p o r ta n t  
t o  s t a r t  t h e  t r a v e r s e  w i th  any  p a r t i c u l a r  n e ig h b o u r .  The edge o f  th e  
p i c t u r e  m u st b e  r e g a rd e d  a s  a r e g io n  t h a t  s u r ro u n d s  a l l  t h e  r e g io n s  i n  
t h e  p i c t u r e ,  and  i t s  o c c u r re n c e  i n  t h e  n e ig h b o u r  co d e  m u st b e  r e c o rd e d ;  
i n  t h i s  w o rk , we h a v e  a s s ig n e d  t h e  e d g e  th e  r e g io n  num ber - 1 .  (R e co rd in g  
t h e  e d g e  i s  im p o r ta n t ,  a s  we s h a l l  s h o w .)  T he co d e  i s  n o rm a l ly  form ed 
o f  t h e  r e g io n  n um bers o f  n e ig h b o u r in g  r e g io n s ,  b u t  may e q u a l ly  w e l l  b e  
fo rm ed  o f  t h e i r  t y p e s ,  t e x t u r e s ,  e t c .  I t  a p p e a rs  t o  b e  p o s s i b l e  t o  c o n ­
s t r u c t  an unam biguous r e p r e s e n t a t i o n  o f  t h e  se g m en ted  p i c t u r e  w i th  t h i s  
r e p r e s e n t a t i o n ,  b u t  I  c a n n o t  p r o v e  t h i s .  _ i . 1
NEIGHBOUR CODES.
FORMING THE NEIGHBOUR CODE.
We a s s ig n  e a c h  c o n n e c te d  r e g io n  i n  t h e  seg m en ted  p i c t u r e  a u n iq u e  sym bo l, 
c o n v e n t io n a l ly  a p o s i t i v e  i n t e g e r ,  by  w h ic h  we i d e n t i f y  i t ,  w h ic h  we u s e  
h e r e ,  we r e f e r  t o  t h i s  sym bol a s  t h e  r e g io n  num ber. The c o d e  i s  s t r u c ­
t u r e d  a s  f o l lo w s :  a n e ig h b o u r  t h a t  a p p e a rs  on t h e  b o u n d a ry  o f  .the  r e g io n  
in  q u e s t io n  i s  r e p r e s e n te d  o n c e  i n  t h e  n e ig h b o u r  co d e  f o r  e a c h  c o n ta c t  
be tw ee n  i t  and th e  c e n t r a l  r e g io n ,  how ever long th e  b o u n d a ry  on which 
th e y  c o n ta c t . T hus t h e  f o l lo w in g  a r e  n o t  l e g a l  n e ig h b o u r  c o d e s :
(  r e c a l l i n g  t h a t  t h e  co d e  i s  c y c l i c  ) .  The f o l lo w in g  c o d es a re ,h o w e v e r .
The i l l e g a l  c o d es  o c c u r  o c c a s io n a l ly  t h e  m e rg in g  p r o c e s s ,  and r e q u i r e  o n ly
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I t  s h o u ld  b e  n o te d  t h a t  a c o d e  o f  t h e  form :
• 1 2 3 4  3 5 6
• 1 2  3 4  5  6  1
* 1 2 3 3 3 4  5 6
1 2 3 4 1 5 6 7
• 1 2 3 4 3 4 5
is l e g a l ,  b u t  p o t e n t i a l l y  c o n f u s i n g ,  and  n o t  m e a n in g fu l ( s e e  f i g u r e  2) .
E
a s im p le  c le a n in g - u p  p r o c e s s :  t h e  above  m e a n in g le s s  c o d e . m is r e p r e s e n ts
NEIGHBOUR CODES.
Codes of the form:
I 2 3 4  3 4 5 a
<
.'"vl
t h e  s p a c c ,  and con a ri& c  throi)f;l> i n c o r r e c t  forraoL ion  o f  th o  c o d c . Such 
c o d es c a n n o t , h o w ev e r, a r i s e  when th e  code i s  c o r r e c t l y  fo rm e d , o r  t h e  
r e p r e s e n t a t i o n  i t s e l f  w ou ld  n o t  b e  u s e f u l .
We h a v e  n o t  s e e n  b e f o r e  t h e  c o n fu s io n  t h a t  c an  a r i s e  from  th e  q u e s t io n  
o f  w h e th e r  t h e  se g m en ted  p i c t u r e  i s  f o u r -  o r  e ig h t - c o n n e c te d .  F ig u re  3 
w i l l  i l l u s t r a t e  t h e  p o i n t .  The p ro b le m  i s  s im p le ;  i f  we d e f in e  a r e g io n  
a s  e ig h t - c o n n e c t e d ,  i t s  n e ig h b o u rs  m ust th e n  b e  f o u r - c o n n e c t e d .  The 
p ro b lem  th e n  a r i s e s  t h a t  i t  i s  n o t  e a s y  t o  s a y  i n  c e r t a i n ,  c a s e s  w h e th e r  
a  p i x e l  i s  an o u t s i d e  n e ig h b o u r  o r  a  s m a ll  e n c lo s e d  r e g io n .  F o r tu n a t e ly ,  
we c an  s a y  t h a t  t h e  i s s u e  w i l l  b e  d e a l t  w ith  by  th e  l a b e l l e r ,  by  r e q u i r in g  
t h a t  i t  l a b e l  c o n n e c te d  r e g io n s  w i th  a s i n g l e  l a b e l  p e r  r e g io n  ( a l l o w in g  
i t  t o  d e c id e  w h e th e r  a  p i x e l  b e lo n g s  on i t s  own, o r  w i th  a c o n n e c te d  r e ­
g io n )  and  by  th e n  in f o r m in g  i t  w h e th e r  i t  s h o u ld  d e f in e  e ig h t - c o n n e c te d  
r e g io n s  o r  f o u r - c o n n e c t e d  r e g io n s .  The l a t t e r  d e c i s i o n  we h a v e  made a r ­
b i t r a r i l y :  B e rg e r  (1985 ) h a s  b e e n  a b l e  t o  p ro d u c e  m e a n in g fu l n e ig h b o u r  
c o d es from  th e  se g m en ted  p i c t u r e  p ro d u c e d  by a  p a c k a g e  r o u t in e  
(SPID ER,1 9 8 4 ) , and  t h e r e  a p p e a rs  t o  b e  no good  r e a s o n  why h i s  r o u t in e s  
s h o u ld  n o t  w ork f o r  f o u r - c o n n e c t e d  r e g i o n s .
I t  w i l l  b e  s e e n  when f i g u r e  3 i s  c o n s u l te d  t h a t  i t  i s  a l s o  im p o r ta n t  i n  
w h ich  d i r e c t i o n  e a c h  b o u n d a ry  p i x e l ' s  n e ig h b o u rs  a r e  t r a v e r s e d  when we 
a r e  fo rm in g  th e  c o d e . We form  t h e  co d e  by t r a v e r s i n g  th e  b o u n d a ry  in  a 
g iv e n  ( 'e r e c t i o n :  i f  we h a v e  d e f in e d  th e  r e g io n  a s  e ig h t - c o n n e c t e d ,  i t s  
com plem ent ( t h e  r e s t  o f  t h e  p i c t u r e )  i s  t h e n  f o u r - c o n n e c t e d , s o  we m ust 
th e n  i n s p e c t  eac h  b o u n d a ry  p i x e l ' s  f o u r  n e ig h b o u rs .  The t r a v e r s e  o f  t h e s e  
f o u r  n e ig h b o u rs  m ust b e  p e rfo rm e d  i n  t h e  c o r r e c t  d i r e c t i o n ,  s t a r t i n g  in  
t h e  r e g io n  w hose n e ig h b o u r  co d e  we a r e 'f o r m in g ,  a s  f a i l i n g  t o  do t h i s  w i l l  
l e a d  t o  s p u r io u s  r e v e r s a l s  i n  t h e  c o d e . F o r  exam ple:
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• i n  loimSr.g a c o d e , v c  can  jnc3u.dc> e ac h  n c jg lib o u r  p ix e l  and tlion
c le a n  th e  coda u p , by c o m p re s s in g  e a c h  ru n  c f  r e g io n  num bers to  
a  s i n g l e  member, and s u p p r e s s in g  th e  r e g io n  num ber a t  t h e  end
o f  t h e  code  i f  i t  i s  t h e  same a s  t h a t  a t  t h e  b e g in n in g ,  s o  t h a t
-  1 1 1 2 2  1 3 3  3 4 4 4 5 5 5 6 6 6 1 1 1
becom es
• h o w ev e r, i f  we h a v e  m i s t r a v e r s e d  p i x e l s ,  we may g e t
-  1 1 1 2 1 2 2 3 2 3 3 4 3 4 4 5 4 5 5 5 6 5 6 6 6
w h ic h  i s  unm a n ag e ab le  and c e r t a i n l y  ev en  w ith  c le a n in g - u p  c o u ld  
n o t  r e p r e s e n t  a s e t  o f  c o n n e c te d  r e g io n s  on a  p l a n e .  R e fe re n c e  
t o  f i g u r e s  2 and  3 s h o u ld  rem ove a n y  c o n fu s io n .
I f ,  ho w ev e r, we c a n n o t  m erge  two regions using t h e i r  n e ig h b o u r  co d es 
a l o n e ' t o  f i n d  t h e  co d e  f o r  t h e  c o m p o s ite  r e g io n ,  t h e  r e p r e s e n ta t i o n  
i s  o f  l i t t l e  u s e .  F o r  some tim e  i t  a p p e a re d  t h a t  t h i s  was in d e e d  
t h e  c a s e ,  u n t i l  a  s u f f i c i e n t l y  p o w e r fu l a lg o r i th m  w as d e v e lo p e d .. 
T he m e rg in g  o f  c o d es  i s  n o t  com plex  u n le s s  t h e  tw o c a n d id a te  r e g io n s  
i / i l l  form  a c o m p o s ite  t h a t  e n c lo s e s  a n o th e r  s e t  o f  r e g io n s ,  w hich  
w ere  n o t  p r e v io u s ly  e n c lo s e d ,  i n  w h ich  c a s e  th e  p ro b lem  a p p e a rs  t h a t  
i t  i s  n o t  e a s y  t o  t e l l  w hich  o f  t h e  g ro u p s  r e p r e s e n te d  i n  th e  c odes 
w i l l  b e  e n c lo s e d .  We s h a l l  exam ine  th e  s im p le  c a s e  f i r s t .
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%
%
r
A pixel's 4 "  n e ig h b o u r s
A  region - is  n -co n n z c t& d  if  
po int in i t  from  any  other; 
m crn b e r is ur, n -n e ia h b o u r
A pixels S - n & l^ h b o u r s
one. m a y  rao ch  a m j  one. 
by a  pa th  w hose n e x t 
of th e  c u r r e n t  m em ber.
I f  w e t ra v e rs e  pixels a s  A .vnc will see. 5 , 4 o ^ d  th e n  3  a < ja m .
I f  w e traverse pixels a s  B, we wi)l s e e  5  , 2 a n d  th e n  5  a g a i 'n .
I f  w e -travarsfc pixels o s  C, t h e  code, will be c o r re c t .
Fie.3 The importance of the direction 
of pixel travarsal.
• GJvcsi t l i e i  we w ish  t o  m erge  r e g io n s  3 and 2 w ith  c o d es  2 3 4 5
6 and 7 8 1 9  r e s p e c t i v e l y ,  and t h a t  1 i s  t h e  s e n io r  r e g io n  ( th e
co m p o s ite  w i l l  b e  c a l l e d  1 , and we a r e  m erg ing  2 t o  1) ,  bo 
p ro d u c e  th e  co d e  f o r  t h e  c o m p o s i te ,  We r o t a t e  eac h  r e g i o n ' s  code
‘ su c h  t h a t  t h e  o th e r  m erge  c a n d id a te  a p p e a rs  i n  t h e  f r o n t  o f  th e  
c o d e , s o  t h a t  we g e t
— f o r  1 : 2 3 4 5 6
-  f o r  2 : 1 9 7 8  .
•  We th e n  rem ove from  eac h  c o d e  t h e  f i r s t  member, and  w r i t e  one
c o d e  a f t e r  t h e  o t h e r  ( i t  i s  n o t  im p o r ta n t  w hich  co d e  i s  w r i t t e n
f i r s t )  and t h i s  becom es th e  co d e  f o r  th e  c o m p o s ite .  So we g e t :
3 4  5 6 9 7 6
We now c o n s id e r  t h e  m ore i n t e r e s t i n g  c a s e  w h ere  t h e  m erge c a n d id a te s  
w il t ,  e n c lo s e  one  o r  m ore s e t s  o f  r e g io n s  w hen m erged . On r e f l e c t i o n ,  
o r  on  c o n s u l t a t i o n  o f  f i g u r e  4 ,  i t  w i l l  b e  s e e n  t h a t  when t h e  r e g io n s  
w i l l  e n c lo s e  n s e t s  o f  r e g i o n s , th e y  w i l l  c o n ta c t  e a c h  o th e r  n+1 
t im e s .  T h u s , e a c h  c a n d id a te  w i l l  r e f e r  t o  t h e  o t h e r  i n  i t s 'c o d e  n+1 
t i m e s ,  and o n ly  one  o f  t h e  g ro u p s  o f  r e g io n s  d e l im i t e d  by t h e s e  
r e f e r e n c e s  w i l l  r e f e r  t o  r e g io n s  t h a t  w i l l  b e  on  th e  o u t s i d e  o f  t h e  
c o m p o s ite  r e g io n :  t h e  o t h e r  g ro u p s  r e f e r  t o  r e g io n s  t h a t  w i l l  be
e n c lo s e d  and  h e n c e  s h o u ld  n o t  a p p e a r  i n  t h e  c o d e . How do  we d i f ­
f e r e n t i a t e  b e tw een  t h e s e  g ro u p s  ?
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I t  i s  in  f a c t  f a i r l y  s im p le  t o  f i n d  w h ich  g ro u p s  o f  r e g io n s  a r e  e n ­
c lo s e d  when we n o t i c e  t h a t  o n ly  a f i n i t e  num ber o f  r e g io n s  c an  b e  
e n c lo s e d  i n  e a c h  s e t .  A lso  im p o r ta n t  I s  t h e  f a c t  c h a t  we may 'c h a i n ' 
a c r o s s  t h e  r e p r e s e n t a t i o n  t o  f i n d  a  r e g io n  w h ic h  h a s  th e  e d g e  o f  th e  
p i c t u r e  a s  a n e ig h b o u r ,  s im p ly  by  r e c o r d i n g  a l l  th e  n e ig h b o u rs  o f  
o u r  g iv e n  r e g i o n ,  and  t h e i r  n e ig h b o u rs ,  and s o  o n , u n t i l  we f i n d  th e  
e d g e . The a lg o r i th m  t o  m erge  n e ig h b o u r  c o d es  w i th  e n c lo s e d  r e g io n s  
c a n  th e n  b e  e x p re s s e d  a s ;
•  R o t a te  b o th  c o d es  s o  t h a t  t h e i r  f i r s t  member i s  th e  o th e r  m erge
c a n d id a t e .  We th e n  h a v e  a g ro u p  o f  r e g io n s  b e tw een  th e  f i r s t
and  t h e  se c o n d  i n s t a n c e  o f  t h e  c o d e s ,  w h ich  we r e c o r d  s e p a r a t e l y  
f o r  e a c h  c o d e .
•  Now we w ish  t o  d e c id e  f o r  e a c h  c a n d id a te  w h e th e r  t h i s  g ro u p  r e ­
p r e s e n t s  a n  e n c lo s e d  r e g io n  o r  n o t .  N o tic e  t h a t  t h e  g ro u p s  m ust
b e  c o n s id e r e d  s e p a r a t e l y  f o r  e a c h  c a n d id a te  a s  we h a v e  no  way 
o f  know ing  w h e th e r  t h e  g ro u p s  c o r r e s p o n d  t o  t h e  s s v e  s e t  o f  r e ­
g io n s .  We t h e n ,  f o r  eac h  g ro u p , lo o k  f o r  t h e  edge  o f  t h e  p i c t u r e  
i n  t h e  m anner d e s c r ib e d  a b o v e : i f  we f i n d  i t ,  th e n  th e  g ro u p  m ust 
r e p r e s e n t  an  o u t s i d e  g roup ;, i f  we do n o t ,  b u t  r a t h e r  e n u m era te  
a  f i n i t e  s e t  o f  r e g io n s  (w here  no  new r e g io n s  a r e  fo u n d  by 
lo o k in g  a t  new r e g io n s ' n e ig h b o u r  c o d e s ,  and  a f t e r  a  w h ile  t h e r e  
a r e  o n ly  r e g io n s  w hose n e ig h b o u r  c o d es  h a v e  be en  in sp c  J L) th e n  
we h a v e  an in s i d e  g ro u p .
• I f  t h e  g ro u p  was an in s i d e  g ro u p , we d i s c a r d  j t  by r o t a t i n g  th e  
c o d e  s o  t h a t  t h e  se co n d  in s t a n c e  o f  t h e  o th e r  c a n d id a te  i s  in
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.s id e  group, wo di&card thi
i f  t h e  c o d e , and t h a t  co d e  i s  rea d y  f o r  m e rg in g .
r e a d y  f o r  m e rg in g , (e a c h  w i l l  h a v e  O nly
m ergedin s t a n c e  o f  t h e  o t h e r  c a n d i d a t e 's  r e g io n  num ber) th e y
way is- s im p le  c o d e s .
F ig u re s  4  and  5 may c l a r i f y  t h i s  e x p la n a t io n .  We g iv e  an  exam ple  be lo w .
Our p i c t u r e  h a s  p ro d u c e d  t h e  f o l lo w in g  n e ig h b o u r  c o d e s : (we
i n d i c a t e  t h e  e d g e)
w ish  t o  m erge r e g io n s  3
The f i r s t  g ro u p  f o r  4  i s  1 2  (3  i s  n o t  in c lu d e d ;  we a r e  m erg ing
s  a l l  g ro u p s  w ould  th e n  be  
n e ig h b o u rs  -1  3 and 2 : (4o u ts i d e  g r o u p s ) . Now f o r  L
i s  a c a n d id a te ,  and i s  ig n o r e d )  t  t  -1  in d i c a t e s  t h e
w a n t , and  th e  co d e  f o r  4 becom es:g ro u p  i s ' t h e
fig.4 "Iwo reg ions co n tac tin g  in 
n+1 points enclosing ■ n se ts  
cf nzgions.
T h e  in s id e ,  g r o u p :  o s  w e
o b ta in in g  • n e w  n e i g h b o u r s , 
c o r i t o a r v r n  o n l u  5  Q n d  6 .
fis.5 Thz, n e ig h b o u r code m erg ing  
example.
The f i r s t  g ro u p  f o r  3 i s  5 6 and no ru-k" iv ighbour.s arc: io u n d  fro ir  LhcbO 
r e g i o n s ' c o d e s , ( i g n o r in g  3 and 4 f o r  t h e  same r e a s o n s  a s  a b o v e)  s o  t h a t  
tK 'is  g ro u p  i s  ail e n c lo s e d  g ro u p  and we may rem ove i t  from  th e  co d e  and 
g e t  f o r  3:
Now we may m erge  4  a n d  3 c o n v e n t io n a l ly .
T h is  r e p r e s e n t a t i o n  i s  im p lem en ted  f a i r l y  s im p ly  by  k e e p in g  a t a b l e  o f  
t h e  c o d e s , and  a  c r o s s - r e f e r e n c e  t a b l e  i n  w h ich  we may s t o r e  in f o r m a tio n  
a s  t o  w h ich  r e g io n  h a s  be en  m erged  t o  w h ic h .
CONCLUSION.
t h e  pow er o f  t h e  n e ig h b o u r  co d e  r e p r e s e n t a t i o n  i s  t h e  s i m p l i f i c a t i o n  i t  
p r o v id e s  i h  t h e  repres»!>V .»^*on o f  th e  se g m en ted  p i c t u r e .  The co d es form  
a r e p r e s e n t a t i o n  in  w hic i, f t  I s  s im p le  t o  m erge  r e g io n s ,  and  w hich  i s  in  
g e n e r a l  b e t t e r - s u i t e d  t o  th e  n e e d s  o f  a k n o w le d g e - in te n s iv e  sy s te m  th a n  
i s  t h e  c o n v e n t io n a l  r e p r e s e n t a t i o n  o f  t h e  seg m en ted  p i c t u r e .
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THE PARADIGM AND ITS USE.
I n  t h i s  a u t h o r ' s  o p in io n ,  v i s i o n  i s  a  f u n c t i o n  v e ry  d e e p ly  em bedded in  
l i v i n g  s y s te m s ,  and  i s  n o t  c o r r e c t l y  d e s c r ib e d  a s  an  i n t e l l i g e n t  a c t .  
T he p ro b le m  o f  g e n e r a l  s c e n e  a n a l y s i s  d o e s  how ever seem  t o  r e q u i r e  f o r  
i t s  s o l u t i o n  th e  em ploym ent o f  some fo rm  o f  k n o w le d g e , w h ic h  a p p e a rs  i n ­
t r i n s i c  t o  m o s t s e e in g  I t f e - f o r m s .  A lth o u g h  we c la im  t h a t  know ledge  w i l l  
h av e  t o  b e  em p loyed  t o  p ro d u c e  a  g e n e r a l  s c e n e - a n a l y s i s  sy s te m , we c a n n o t 
c la im  t h a t  t h i s  k now ledge  w i l l  b e  e a s y  t o  f i n d ,  o r  t o  e x p r e s s . I t  seem s 
l i k e l y  t o o  t h a t  t h e  K S 's  w i l l  p r o l i f e r a t e ,  a n d  t h e r e  seem s t o  b e  no good 
r e a s o n  f o r  e x p e c t in g  t h a t  t h e  know ledge  b a s e  w i l l  n o t  h o ld  i n t e r n a l  c o n ­
t r a d i c t i o n s .  W ith  t h i s  i n  m in d , we s t i l l  f s e l  i t  p r o d u c t iv e  t o  p ro p o se  
a  new p a ra d ig m , t h e  m o t i v a t i o n  f o r  w h ic h  h a s  b e e n  g iv e n  a b o v e , i n  w hich  
s c e n e s  may b e  a n a ly s e d  in  a k n o w le d g e - in te n s iv e  f a s h i o n .
GUIDING CONCEPTS: THE PARADIGM ITSELF.
The m a jo r  t e n e t ,  a n d  th e  them e  o f  t h i s  d i s s e r t a t i o n ,  i s  t h e  b e l i e f  t h a t  
p i c t u r e s  s h o u ld  b e  a n a ly s e d  in  te rm s  o f  e x p l i c i t  know ledge  a b o u t p i c t u r e s ,  
and  a b o u t w hat o b j e c t s  lo o k  l i k e  on p i c t u r e s , r a t h e r  th a n  in  te rm s  o f  
m ode ls  made o f  t h e  p i c t u r e .  A m odel o f  th e . w o rld  m ust b e  u s e d ,  t o  h av e  
s u f f i c i e n t  kno w le d g e  t o  i n t e r p r e t  t h e  p i c t u r e ,  b u t  t h e  p i c t u r e  n e e d  n o t  
b e  m o d e lle d , s c  t h a t  p i c t u r e - l e v e l  o p e r a t i o n s  may b e  g u id e d  by know ledge 
b o th  a b o u t t h e  p i c t u r e  and a b o u t th e  w o rld .
THE PARADIGM AND ITS USE.
The second  t e n e t  i s  t h a t  t h e  p i c t u r e  m ust b e  h a n d le d  in  te rm s  o f  r e g io n s :  
t h i s  i s  im p o r ta n t , a s  t h e  p r o c e s s e s  o f  ed g e  d e t e c t i o n  and  o f  o u t l i n e  
g row ing  do n o t  e a s i l y  a l lo w  b a c k t r a c k in g  t o  i n c o r p o r a t e  w o rld  k n o w le d g e . 
T h is  t e n e t  a ssum es t h a t  a  s e g m e n te r  i s  a v a i l a b l e ,  t h a t  i s  a b l e  t o  seg m en t 
t h e  p i c t u r e  su c h  t h a t  e a c h  d e f in e d  p r i m i t i v e  i s  r e p r e s e n te d  by a t  l e a s t  
o n e  r e g io n .  We e n v is a g e  b a c k t r a c k in g  t o  t h e  l e v e l  o f  u n d o in g  i n c o r r e c t  
m e rg e s ; we do n o t  a t  p r e s e n t  s e e  b a c k t r a c k in g  t o  a  l e v e l  o f  a  re se g m e n ­
t a t i o n  o f  th e  p i c t u r e  ( a l t h o u g h  t h i s  c o u ld  b e  a c h ie v e d ,  more s im p ly  th a n  
b y  th e  p r o c e s s  w h ic h  w o u ld  a p p ly  i f  t h e  p i c t u r e  h a d  b e en  i n t e r p r e t e d  in  
te rm s  o f  i t s  e d g e s ) .
T he employment o f  kno w le d g e  s h o u ld  o c c u r  a t  many l e v e l s ,  from  p la n n in g  
t h e  p r o c e s s  by w h ic h  p r i m i t i v e s  a r e  m e rg e d , t o  u s in g  th e  c o n te x t  i n  w h ic h  
th e  p i c t u r e  i s  p r e s e n t e d  t o  r e d u c e  th e  q u a n t i t y  o f  know ledge r e q u i r e d  t o  
i n t e r p r e t  i t .
How th e n  do we in t e n d  a  s y s te m  t o  f i n d  a  g iv e n  o b j e c t  i n  a s c e n e ?  F i r s t l y ,  
i t  m ust red u c e  th e  d e s c r i p t i o n  o f  t h e  o b j e c t  ‘o  p r i m i t i v e s  w h i- , i t  
u n d e r s t a n d s ,  u s in g  t h e  k n o w le d g e  a v a i l a b l e  t o  i t .  I t  m ust th e n  f i n d  t h e s e  
p r i m i t i v e s ,  w i th  t h e  r e l a t i o n s h i p s  b e tw ee n  p r i m i t i v e s  t h a t  i t  r e q u i r e s .  
I f  i t  c a n n o t f i n d  a l l  o f  t h e  r e q u i r e d  p r i m i t i v e s ,  i t  s h o u ld  in s p e c t ,  t h e  
s e t  w h ich  i t  h a s ,  and  d e c id e  w h e th e r  i t  c an  s t i l l  r e a s o n a b ly  f i n d  th e  
o b j e c t  by  l e n i e n t  r e c l a s s i f i c a t i o n  o f  some r e g i o n s . T h u s , t h e  sy s te m  h a s  
a  d e f in e d  g o a l s t r u c t u r e ,  w h ic h  w i l l  b e  a s  f o l lo w s :
• F in d  o u t  w h at s h o u ld  b e  fo und  in  t h e  p i c t u r e  ( i . e .  f i n d  th e  m ain  
sy s te m  g o a l ) .
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• F a c to r  t h i s  g o a l i n t o  a l i s t  o f  p r i m i t i v e s  and  a d e s c r i p t i o n  o f  
s t r u c t u r e ,  u s in g  a v a i l a b l e  k n o w le d g e . I f  t h i s  i s  im p o s s ib le ,  
t h e  sy s te m  i s  e n t i t l e d  t o  f a i l .  (How-would a  human re s p o n d  when 
a sk e d  t o  f i n d  an  o b j e c t  i n  a s c e n e ,  when h e  d o e s  n o t  know w hat 
t h a t  o b j e c t  lo o k s  l i k e ,  a n d  t h e r e  a r e  m ore  th a n  one  unknown o b ­
j e c t s  i n  t h e  s c e n e ? )
•  Now f i n d  a s  many o f  t h e s e  p r i m i t i v e s  i n  t h e  s c e n e  a s  p o s s i b l e ,
by  u s in g  k now ledge  t o  g e n e r a t e  and  t e s t  m e rg e s o f  p o s s i b l e  c a n ­
d id a t e  r e g io n s ,  and  t o  c l a s s i f y  t h e s e  r e g io n s  o r  g ro u p s  o f  r e -
•  F in a l ly ^ ,  f i n d  a g ro u p  o f  p r i m i t i v e s  t h e  s t r u c t u r e  o f  w h ic h  c o r ­
r e s p o n d s  t o  t h e  s t r u c t u r a l  d e s c r i p t i o n  s t o r e d ;  i f  a  p ro m is in g
g ro u p  i s  m is s in g  a  p r i r .V t iv e ,  a t te m p t t o  f i n d  i t  by  r e c l a s s i f y i n g  
r e g io n s  w here  t h e  s t r u c t u r e  o f  t h e  o b j e c t  i n d i c a t e s  t h a t  t h e  
p r i m i t i v e  i s  l i k e l y  t o  o c c u r .  I f  t h i s  g r o u p  c a n  be fo u n d , th e  
sy s te m  g o a l  h a s  b e e n  fo u n d , and  th e  n e x t  g o a l  way b e  r e q u e s te d .
We h a v e  s e e n  t h a t  t h e  u s e  o f  r e g io n s  s h o u ld  s i m p l i f y  t h e  p r o c e s s ,  a s  
b a c k t r a c k in g  i s  s i m p l i f i e d ,  and  th e  sy s te m  u s e s  k n o w le d g e ; t h u s ,  i t  h a s  
b e e n  p ro d u c e d  u n d e r  t h e  new p a ra d ig m . B ut w h at i s  t h e  s t r u c t u r e  o f  su c h  
a  sy s te m  ?
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A SYSTEM DESIGNED TO ANALYSE SCENES
The t a s k  o f  t h i s  sy s te m  w i l l  b e  t o  f i n d  a  g iv e n  o b j e c t  i n  a  p i c t u r e ,  o r  
t o  s a y  t h a t  t h e  o b j e c t  i s  n o t  i n  t h e  p i c t u r e ,  by  e x a m in in g  r e g io n s  and 
g ro u p s  o f  r e g io n s  w i th  t h e  i n t e n t i o n  o f  f i n d in g  a  g r o u p  t h a t  b e s t  c o r r e ­
sponds t o  t h e  o b j e c t  r e q u i r e d .  (We w i l l  r e f e r  t o  t h i s  o b j e c t  a s  t h e  m ain 
sy s te m  g o a l . )  T he sy s te m  s h o u ld  b e  a b l e  t o  e v a lu a t e  i t s  a t te m p ts  t o  m erge 
r e g io n s  t o  fo rm  p r i m i t i v e s ,  a n d  t o  p l a n  a b e s t  c o u rs e  o f  a c t i o n  by  w hich  
i t . s h o u l d  b e  a b l e  t o  f i n d  th e  m ain  sy s te m  g o a l .  To a c h ie v  t h e s e  a im s , 
t h e  sy s te m  w i l l  u s e  kn o w le d g e,
The sy s te m  w i l l ,  t h e n ,  h a v e  a  'l e d g e  b a s e ,  w h ic h  w i l l  n e ed  to
c o n ta in  b o th  w o rld  know ledge  end  p i c tu r e - l e v e l "  k n o w le d g e . The sy s te m  w i l l  
c o n s i s t  o f  s e c t i o n s ,  w h ic h  w i l l  b e  s e l f - c o n t a i n e d ,  end  w h ic h  we s h a l l  c a l l  
K n o w le d g e -A p p lic a tio n  B lo ck s  o r  K A B 's. E ach  KAB w i l l  r e f e r  t o  and  u s e  a  
d i f f e r e n t  fo n a  o f  kn o w le d g e, and  w i l l  n o t  i n  g e n e r a l  r e q u i r e  a c c e s s  t o  
t h e  e n t i r e  know ledge  b a s e .  H owever t h e  KAB w h ich  u s e s  w o rld  know ledge 
t o  f a c t o r  t h e  m ain  sy s te m  g o a l  may n e e d  a t  some s t a g e  t o  h a v e  a  i o r c  o f  
c o n t r o l  e x e r c i s e d  on i t s  k now ledge  b a s e ,  t o  p r e v e n t  i t  from  s a t u r a t i n g .  
And we h av e  d is c u s s e d  t h e  a v a i l a b l e  s t r a t e g i e s  a b o v e ; i n  t h i s  c a s e ,  i t  
w ould  a p p e a r  t h a t  t h e  b e s t  s t r a t e g y  i s  t o  o r d e r  t h e  kno w le d g e  b a s e  a c ­
c o rd in g  t o  i t s  r e le v a n c e  t o  t h e  m ain  sy s te m  g o a l .  T h u s , i n  a  s e a r c h  f o r  
a  t e l e p h o n e ,  know ledge  a b o u t h a n d s e ts  w i l l  b e  made m ore a c c e s s i b l e  t h a n . '  
know ledge  a b o u t  h a n d s . We r e f e r  t o  t h e  know ledge con v ey e d  b y  t h i s  ty p e  
o f  s t r a t e g y  a s  " c o n te x tu a l  k n o w le d g e " , a s  i t  i s  know ledge  a b o u t  th e  c o n ­
t e x t  i n  w h ich  th e  p i c t u r e  a p p e a rs .  As we h a v e  s a i d ,  i t  d o e s  n o t  a p p ea r  
e a sy  t o  im p lem en t t h i s  fo rm  o f  k now ledge  m anagem ent. A b lo c k  d ia g ra m  o f  
t h u  sy s te m  i s  shown i n  f i g u r e  6 .  K n o w le d g e -a p p lic a t io n  b lo c k s ,  w i th  t h e i r
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r e l e v a n t  know ledge b a s e s ,  a r e  shown a s  c i r c l e s , and  th e  flow  o f  in f o r m a ­
t i o n  i s  shown by a r r o w s . T he d u t i e s  o f  e ac h  KAB w i l l  b e  d e s c r ib e d  be lo w .
KAB 
contro l 
c o n tex t se lec t 
goal s t ru c tu re  se tu p  
action eva lua te  
action  pa th  eva lu a te
DUTIES
T h is  b lo c k  w i l l  recommend c h an g e s  o f  c o n te x t  a n d  
w i l l  m anage th e  p r o c e s s  by  w h ic h  c o n t r o l  i s  p a s s e d  
fro m  KAB t o  KAB.
T h is  b lo c k  w i l l  p r o v id e  c o n te x tu a l  i n f o r m a t io n  by 
o r d e r in g  th e  know ledge  b a s e .
T h is  b lo c k  w i l l  p u t  t o g e t h e r  a g o a l  s t r u c t u r e  t o  
a l lo w  t h e  f i n d in g  o f  c om p lex  s t r u c t u r e s  by  f i n d in g  
t h e i r  co m p o n en ts , u s in g  a v a i l a b l e  w o rld  k n o w le d g e , 
and  w i l l  in fo rm  th e  a c t i o n  e v a lu a to r  a s  t o  w h ich  
s t r u c t u r e s  s h o u ld  b e  fo u n d  w h ere , i f  n e c e s s a r y  by  
l e n i e n t  c l a s s i f i c a t i o n .
T h is  b lo c k  w i l l  e v a lu a t e  a n y  m erge s u g g e s te d  in  
te rm s  o f  t h e  p r o p e r t i e s  o f  t h e  m erged r e g io n  and  
o f  w h a t i s  b e in g  s o u g h t .
T h is  b lo c k  w i l l  e v a lu a t e  a s e r i e s  o f  m e rg in g  d e c i ­
s io n s  i n  te rm s  o f  p i c t u r e  know ledge and  w o rld  
k n o w le d g e , and w i l l  recommend o r  p e n a l i z e  a p r o ­
p o se d  m erge  in  te rm s  o f  t h e  o th e r  m erges a r i s i n g  
from  i t .  . I t  s h o u ld  b e  a b l e  t o  d e c id e  be tw ee n  tw o
THE PARADIGM AND ITS USE.
5kV
p o s s i b l e  m erge  d e c i s i o n s  i n  te rm s  o f  t h e i r  o v e r a l l  
e f f e c t ,  and th e n  r e p o r t  t o  t h e  p a th  p la n n e r .
G iv e n  a  r e g io n  w ith  g iv e n  p h y s i c a l  p r o p e r t i e s , t h i s  
b lo c k  w i l l  d e c id e  w h a t i t  i s  l i k e l y  t o  r e p r e s e n t .  
T h is  b lo c k  w i l l  a l s o  a t te m p t  t o  l a b e l  s e t s  o f  r e ­
g io n s  , g iv e n  a p p e a ra n c e  and  s t r u c t u r a l  in f o r m a t io n .
T h is  b lo c k  w i l l  p r o v id e  a  m e rg in g  p la n  t o  m e et th e  
g o a l  s t r u c t u r e ,  and  w i l l  o f f e r  a l t e r n a t i v e  m erge 
p a th s  t o  t h e  a c t i o n  p a th  e v a l u a t o r .  T h u s , i t  w i l l  
i n t e r a c t  w i th  t h e  a c t i o n  p a th  e v a lu a to r  t o  p r o v id e  
an  o v e r a l l  s t r a t e g y .
T h is  b lo c k  w i l l  t a k e  t h s  a c t i o n s  recommended by  th e  
p a th  e v a l u a t o r .
> s 
%
A sy s te m  s t r u c t u r e d  a s  d e s c r ib e d  ab o v e  s h o u ld  b e  a b l e  t o  a n a ly s e  f a i r l y  
g e n e r a l  s c e n e s ; h o w e v e r, i t  w i l l  r e q u i r e  s o p h i s t i c a t e d  te c h n iq u e s  t o  
c o n s t r u c t ,  and  w ou ld  a p p e a r  t o  b e  bey o n d  th e  c a p a b i l i t i e s  o f  t h e  t e c h ­
n iq u e s  d e s c r ib e d  in  t h e  p r e s e n t  l i t e r a t u r e .  U s e f u l  in f o r m a t io n  s h o u ld  
b e  o b t a in e d  by  p r o to ty p in g  a  sy s te m  w i th  some o f  t h e  f e a t u r e s  o f  t h i s  
sy s te m . To i l l u s t r a t e  t h e  i n t e n t i o n  o f  t h i s  d e s ig n ,  wo s h a l l  d e s c r ib e  
t h e  f u n c t i o n in g  o f  t h e  sys'.rftn w hen r e q u i r e d  t o  f i n d  a te le p h o n e  in  a 
s c e n e .  We assum e  a  b l a c k  d i a l  te le p h o n e  f o r  a rg u m e n t 's  s a k e .
• The g o a l  s t r u c t u r e  se tup 'K A B  P i l l  r e c e iv e  t h e  m ain  sy s te m  g o a l ,  
and  f a c t o r  i t ,  f o r  a rg u m e n t’s  s a k e ,  i n t o  " b o d y " , '"body c o rd " ,  
" h a n d s e t " ,  and  ’’h a n d s e t  c o r d " .  "B ody" w i l l  b e  f a c to r e d  a g a in
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i n t o  " d i a l " and "m ain  b o d y " ; th e  o th e r  s u b - g o a ] s  w i l l  b e  r e g a rd e d  
a s  p r i m i t i v e s .  Thf, p r i m i t i v e s  a r e  d e s c r ib e d  a s  f o l lo w s ,  f o r  
s i m p l i c i t y :
PRIMITIVE DESCRIPTION
b od y  co rd  d a r k ,  lo n g  and  t h i n ,  sm a ll,-  lew r e f l e c t a n c e ,  low
t e x t u r e ,
h a n d se t d a r k ,  b a n a n a -s h a p e d , m e d iu m -siz ed  ,  medium
r e f l e c t a n c e ,  low t e x t u r e .
h a n d se t c o rd  d a r k ,  lo n g  and  c o i l e d ,  s m a l l ,  medium r e f l e c t a n c e ,  
medium t e x t u r e .
d ia l  light, ro u n d  with holes, m e d iu m -s iz ed , medium
r e f l e c t a n c e ,  low t e x t u r e .
m ain  b o d y  d a r k ,  s q u a r e ,  l a r g e ,  low r e f l e c t a n c e ,  low t e x t u r e .
T he p i c t u r e  i s  th e n  s e g m e n te d , and th e  c o n t r o l  KAB w i l l  p a s s  
c o n t r o l  t o  t h e  p a th  p la n n e r  KAB, w h ich  w i l l  p r o v id e  a  p a th  o f  . 
( 'i i i s  ty p e :  f i n d  any  r e g io n s  w h ich  a r e  p r im i t i v e s  i n  th e m s e lv e s ;  
th e n  g e n a v s te  m erges b e tw ee n  d a rk  n e ig h b o u r in g  r e g io n s .  T e s t  
t h e s e  m e rg e s w i th  t h e  a c t i o n  p a th  e v a lu a te  KAB, w h ich  w i l l  te s 'c  
i n d i v i d u a l  c a s e s  w i th  t h e  a c t i o n  e v a lu a te  KAB. The i n t e n t i o n  - 
i s  t o  m erge  to w a rd s  a t  l e a s t  ode p r im i t i v e .
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A ssum ing  t h a t  a p r im i t i v e  h a s  be en  f o u n d , soy  th e  h a n d s e t  c o rd , 
t h e  p a th  p la n n e r  KAB w i l l  p a s s  t h e  a c t i o n  p a th  e v a lu a t e  KAB t h i s  
in f o r m a t i o n ,  by  in fo rm in g  i t  t h a t  th e  h a n d s e t  i t s e l f  i s  l i k e l y  
t o  b e  fo u n d  a s  a  n e ig h b o u r ,  o r  a s  a  g ro u p  c o n ta in i n g  a n e ig h b o u r , 
o f  t h i s  p r i m i t i v e .  S i m i la r  i n f o r m a t io n  w i l l  b e  p a s s e d  f o r  th e  
"m ain  b o d y "  p r i m i t i v e .  Assume t h a t  w i th  t h i s  new in f o r m a t io n ,  
t h e  "m ain  bo d y "  p r i m i t i v e  i s  now fo u n d .
The p a th  p la n  KAB now may p a s s  t o  t h e  a c t i o n  p a th  e v a lu a t e  b lo c k  
a new s t r a t e g y ,  w here  t h e  l i k e l y  p o s i t i o n  o f  t h e  d i a l  i s  a ssum ed, 
and t h e  l i k e l y  p o s i t i o n  o f  t h e  c o rd  i s  o f f e r e d .  Assume t h a t  th e  
b ody  c o r d  i s  now fo u n d : t h e  h a n d s e t  i s  s t i l l  l a c k in g .
The c o n t r o l  KAB w i l l  now p a s s  c o n t r o l  t o  t h e  g o a l  s t r u c t u r e  s e tu p  
KAB, w h ic h  w i l l  i n s p e c t  i t s  w o rld  know ledge  and  in fo rm  th e  p a th  
p l a n n e r  KAB, th r o u g h  th e  c o n t r o l  KAB, t h a t  t h e  h a n d s e t  may b e  
e i t h e r  on  th e  m ain  b o d y , a t  th e  o t h e r  e n d  o f  t h e  h a n d s e t  c o rd , 
o r  a b s e n t ,  w i th  l i k e l ih o o d s  f o r  e a c h  s i t u a t i o n .
F i n a l l y ,  t h e  p a th  p l a n n e r ,  h a v in g  h a d  a m erge p a th  a c c e p te d  by 
th e  a c t i o n  p a th  e v a lu a t e  KAB, and  w i th  t h e  l a b e l  e tte m p '; KAB n o t  
h a v in g  fo u n d  th e  h a n d s e t  u s in g  t h i s  p a t h ,  w i l l  p a s s  t h e  e n t i r e  
s e t  o f  r e g io n s  t o  t h e  l a b e l  a t te m p t KAB, a s  i t  knows t h a t  i t  n e ed  
n o t  f i n d  a  h a n d s e t .  The l a b e l  a t te m p t  KAB w i l l  t h e n  u s e  know­
le d g e  l e f t  t o  i t  by t h e  g o a l  s t r u c t u r e  s e tu p  b lo c k  KAB t o  l a b e l  
th e  s e t  o f  r e g io n s  (w h ich  a r e  a l s o  p r i m i t i v e s :  we m erge  re g io n s  
in  t h e  r e p r e s e n t a t i o n  in  th e  p r o c e s s  o f  m e rg in g  up  t o  th e  p r im ­
i t i v e  l e v e l ,  and  o n ly  in  a  s c r a tc h p a d  form  w hen we a t te m p t t o  
f i n d  s t r u c t u r e s )  a s  a te le p h o n e .  * I f  t h i s  l a b e l l i n g  a t te m p t
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f a i l s ,  t h »  p r o c e s s  s t a r t s  a g a in ,  w ith  a d i f f e r e n t  s e t  o f  d a rk  
r e g io n s  b e in g  t r i e d  a s  a s t a r t  t o  t h e  p r o c e s s .
I t  c a n  b e  s e e n  t h a t  t o  a  l a r g e  e x t e n t  t h e  c o n t r o l  KAB a c t s  a s  a  s c h e d u le r :  
i n  f a c t ,  i n  th e  p r o to ty p e ,  t h e  c o n t r o l  KAB h a s  b e en  im p lem en ted  by  
s t r u c t u r i n g  th e  way t h a t  t h e  KAB's a r e  in v o k e d , r a t h e r  th a n  by c o n f ig u r in g  
e  s e p a r a t e  KAB.
The sy s te m  a s  d e s c r ib e d  s h o u ld  b e  a b l e  t o  a n a ly s e  s c e n e s  w ith  c o n s id e r a b le  
g e n e r a l i t y ,  i f  i t  c an  b e  im p lem en ted  e f f e c t i v e l y .  C e r t a i n l y ,  t h e  s t r u c ­
t u r e  o f  tbs» sy s te m  i s  s u c h  t h a t  i f  i t  i s  a b l e  t o  a n a ly s e  a s c e n e ,  i t  w i l l  
b e  a b l e  t o  a n a ly s e  a t  l e a s t  a  c l a s s  o f  s c e n e s . T h e re  a r e ,  h o w ev e r, p o ­
t e n t i a l  p ro b lem s w i th  t h i s  d e s ig n .
P O T E N T IA L  PROBLEMS
I t  m u st b e  r e a l i s e d  a t  o n c e  t h a t  t h e  d e s ig n  d e s c r ib e d  i s  a  p e n c i l  and 
p a p e r  d e s ig n .  I t  i s  t h e  p r o d u c t  o f  v e r y  r e c e n t  th o u g h t ,  and h a s  n o t  b e en ' 
p r o v e n , im p lem e n te d , o r  d e e p ly  t e s t e d ,  and  a s  su c h  s h o u ld  b e  e x p e c te d  t o  
h a v e  e r r o r s  i n  i t .  A v e r y  s im p le  v e r s i o n  o f  t h i s  sy s te m  h a s  b e e n  p r o to ­
ty p e d ,  b u t ,  a l th o u g h  i t  show s p ro m iu in g  c h a r a c t e r i s t i c s ,  i t  does n o t  p ro v e  
th e  v a l i d i t y  o f  t h e  d e s ig n .  V is io n  i s  a com plex  a c t i v i t y ,  and  t h i s  a u th o r  
f e e l s  i t  u n l ik e ly  t h a t  t h e  d e s ig n  p r e s e n te d  h a s  s o lv e d  th e  p ro b lem  o f  
sc e n e  a n a l y s i s ;  i t  i s  p r e s e n te d  a s  a  new a p p ro a c h , w h ich  p ro m ise s  good 
r e s u l t s .  I  am c o n f id e n t  t h a t  t h e  t e n e t s  o f  t h e  p a ra d ig m  p r e s e n te d  a r e  
so u n d , ho w ev e r, and  t h a t  t h e y  a r e  p o t e n t i a l l y  p r o d u c t iv e .
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The know ledge  b a s e  i s  l i k e l y  t o  b e  h u g e , and i t  i s  n o t  e a s y  to  s e e  how 
i t s  g ro w th  may b e  c o n t r o l l e d .  The know ledge  w h ich  d r iv e s  human v i s i o n  
s y s te m s  i s  n o t  know n, and i t  may b e  s o  d e e p ly  'em bedded  t h a t  t o  d is c o v e r  
i t  a t  a l l  w i l l  r e q u i r e  a ro u n d a b o u t a p p ro a c h  in v o lv i n g  an o p e r a to r  g r a d in g  
th e  r e s p o n s e  o f  t h e  sy s te m  t o  s c e n e s . I t  i s  n o t  a  fo rg o n e  c o n c lu s io n  t h a t  
t h i s  kno w le d g e  c an  b e  d is c o v e r e d  a t  a l l ,  a l th o u g h  i t  d o e s n o t  a p p e a r  im ­
p o s s i b l e .
The r e s u l t s  o f  t h e  l^ .o to ty p in g  e x e r c i s e  a r e  d e s c r ib e d  b e lo w , a n d  i t  w i l l  
b e  show n t h e r e  t h a t  hope e x i s t s  f o r  t h e  p r o d u c t i o n  o f  a  .g e n e r a l  
s c e n e - a n a l y s i s  sy s te m .
CONCLUSION
A p a ra d ig m  f o r  t h e  a n a ly s i s  o f  g e n e r a l  s c e n e s  h a s  b e e n  d e s c r ib e d ,  and  we 
h av e  show n t h e  d e s ig n  o f  a  sy s te m  t h a t  w i l l  p e rfo rm  t h i s  t a s k  u n d e r  t h i s  
p a ra d ig m . C r i t i c i s m s  o f  t h e  p a ra d ig m  a n d  o f  t h e  d e s ig n  h av e  b e e n  p r e ­
s e n t e d ,  b u t  i t  i s  f e l t  t h a t  f u r t h e r  d e v e lo p m e n t o f  t h i s  sy s te m  'i s  a  
w o rth w h i le  g o a l .
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T he sy s te m  d e s c r ib e d  ab o v e  h a s  b e e n  p r o to ty p e d  in  a  v e ry  l i m i t e d  fo rm , 
i n  an  a t te m p t t o  d e m o n s tr a te  t h e  v a l i d i t y  o f  t h e  p a ra d ig m  and t o  show t h a t  
u s e f u l  sy s te m s  may b e  d e s ig n e d  w i t h i n  i t .  The p r o to ty p e  h a s  b e e n  c o n ­
s t r u c t e d  w i th  e v e r y  s i m p l i f i c a t i o n  p o s s i b l e ,  t o  a l lo w  i t s  c o n s t r u c t io n ;  
t h e  r e a d e r  w i l l  h av e  g a th e r e d  from  t h e  i n t r o d u c t io n  t h a t  many com plex  
i s s u e s  h av e  be en  s id e s t e p p e d .  T he p r o to ty p e ,  a l th o u g h  n o t  y e t  a n a ly s in g  
s c e n e s ,  i s  show ing  some p r o m is e , and  th e  n e ig h b o u r  co d e  r e p r e s e n t a t i o n  
h a s  b e e n  e f f e c t i v e l y  im p lem e n te d  i n  i t .  We w i l l  d i s c u s s  t h e  d e s ig n  o f  
t h i s  p r o to ty p e  h e r e ,  and  i t s  im p le m e n ta t io n  and  th e  r e s u l t s  t h a t  s u p p o r t  
t h e  v a l i d i t y  o f  t h e  p a ra d ig m  i n  a  l a t e r  c h a p te r .
T he p r o to ty p e  was in t e n d e d ,  n o t  t o  d i s p l a y  th e  more adv an c ed  o f  t h e  c o n ­
c e p t s  d is c u s s e d  a b o v e , n o r  t o  t e s t  t h e  w ho le  o f  th e  s t r u c t u r e  o f  th e  
sy s te m  d e s c r ib e d  a b o v e , b u t  t o  d e m o n s tr a te  t h e  d e s i r a b i l i t y  o f  c o n t in u in g  
w ith  w ork  o f  t h i s  ty p e  i n  t h i s  f i e l d  a n d , m ore p a r t i c u l a r l y ,  i n  t h i s  
p a ra d ig m  w i th  t h e  i n t e n t i o n  o f  sh o w in g  t h e  v a l i d i t y  o f  t h e  d e s ig n  d e ­
s c r i b e d  a b o v e . As a r e s u l t ,  n o t. a l l  t h e  KAB's w ere  im p lem e n te d , and th o s e  
t h a t  w e r e , w ere  im p lem e n te d  in  a  l i m i t e d  fo rm . The KAB's im p lem en ted  
w ere : g o a l  s t r u c t u r e  s e t u p  ( c a l l e d  f g o a l ) ,  a c t i o n  p a th  e v a l u a t e ,  a c t i o n  
e v a l u a t e ,  a c to r  and  a  fo rm  o f  l a b e l  a t te m p t ( g tm e r ) . T h , 'd e s i g n  o f  th e  
p r o to ty p e  w i l l  b e  d is c u s s e d  u n d e r  f o u r  h e a d in g s :  t h e  b lo c k  d e s ig n  o f  th e  
sy s te m , t h e  d e s ig n  o f  t h e  d a t a  s t r u c t u r e s ,  t h e  d e s ig n  o f  t h e  r u l e s ,  and 
th e  a lg o r i th m s  u se d  in  t h e  K A B's.
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Picture dcdo.
fis. 7 Block diagram of the prototype 
system.
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We h a v e  s i m p l i f i e d  t h e  c o n s t r u c t io n  o f  th e  sy s te m  d e s c r ib e d  above  by  d i ­
v id in g  t h e  d u t i e s  o f  t h e  KAB's i n t o  tw o c l e a r  b lo c k s ,  w hose d u t i e s  a r e  
r e s p e c t i v e l y :  f i n d  t h e  d e s c r i p t i o n  o f  t h e  m ain sy s te m  g o a l  i n  te rm s  o f  
p r i m i t i v e s ,  t a d  f i n d  th e  g o a l  d e s c r ib e d  i n  t h e  p i c t u r e .  The f i r s t  b lo c k  
we c a l l  f g o a l ,  t h e  se c o n d  g tm e r . We w i l l  d e s c r ib e  h e r e  t h e  d u t i e s  and 
th e  t e c h n iq u e s  u s e d  i n  t h e s e  b lo c k s , a s  w e l l  a s  t h e  tw o o t h e r  b lo c k s  t h e  
sy s te m  h a s  i n h e r i t e d  from  i t s  im p le m e n ta t io n :  s t a r t ,  i n i t s ,  a n d  th e  
lo a d e r ,  m r in t .
R e f e r  t o  f i g u r e  7 ,  w h ic h  show s th e  b lo c k  d ia g ra m  o f  t h e  p r o to ty p e  sy s te m ; 
th e  im p le m e n ta t io n  h a s  r e q u i r e d  th e  i n t r o d u c t i o n  o f  a  f u r t h e r  b lo c k ,  n o t  
show n on  th e  f i g u r e ,  f o r  i n i t i a l i s i n g  d a t a  s t r u c t u r e s .  N o te  t h a t  we do 
n o t  h a v e  h e r e  a  s i t u a t i o n  w h ere  e a c h  b lo c k  a c t s  on  d a t a ,  and  th e n  p a s s e s  
t h i s  d a t a  t o  a f u r t h e r  b lo c k  (h e n c e  t h e  fo rm  o f  t h e  b lo c k  d ia g ra m ) . I n ­
s t e a d ,  t h e  l o a d e r ,  known a s  m r in t  ( t h e  p ro g ra m  n a m e), lo a d s  e a c h  b lo c k  
a s  a s e g m en t u n t i l  t h e  b lo c k  t e r m in a t e s ,  in fo rm in g  th e  lo a d e r  w h ic h  b lo c k  
i s  t o  b e  u s e d  n e x t .  E ach  b lo c k  m ust t h e n  t e r m in a t e ,  h a v in g  c h anged  th e  
sy s te m  v a r i a b l e  w h ic h  in fo rm s  m r in t  w h ich  b lo c k  s h o u ld  b e  lo a d e d  n e x t  (we 
c a l l  t h i s  t h e  sy s te m  b lo c k  c o n t e x t , " o r  SBC). T hus t h e  o p e r a t i o n  o f  th e  
sy s te m  i s  a s  f o l lo w s :
•  To s t a r t  t h e  s y s te m , m r in t  i s  in v o k e d . I n  t u r n  m r in t  r e t r i e v e s  from  
d i s k ,  w i th o u t  c o n s u l t i n g  th e  SBC, t h e  p i c t u r e  r e p r e s e n t a t i o n  l e f t  
t h e r e  by  t h e  r e p r e s e n t e r  p ro g ra m , and th e n  lo a d s  t h e  i n i t s  b l c  k  (n o t  
shown i n  f i g u r e  7 ) ,  w h ich  i n i t i a l i s e s  t h e  sy s te m  d a t a  s t r u c t u r e s .
‘ T h is  b lo c k  w i l l  a lw ay s  t e r m in a t e  " h a p p y " , u n l e s s  t h e r e  a r e  h a rd w are
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e r r o r s ,  and w i l l  n o t  f l f f e c l  t h e  SBC. The SBC is th e n  s e t  t o  s t a r t  
by m r in t .
•  M r in t th e n  r e t r i e v e s  t h e  f i r s t  KS from  d i s k .  E ach KS h a s  an  SBC
f i e l d ,  and  i f  t h i s  f i e l d  d o e s  n o t  a g re e  w ith  th e  c u r r e n t  SBC, t h e  KS
i s  d is c a r d e d ,  and  th e  n e x t  KS r e t r i e v e d .  The SBC a t  t h i s  s t a g e  w i l l  
b e  " s t o r k " ,  avid w h e n .a  KS i s  fo u n d  w ith  t h i s  v a lu e  i n  i t s  SBC f i e l d ,  
t h e  s t a r t  b lo c k  i s  in v o k e d , and  th e  KS p a s s e d  t o  i t .  When t h i s  b lo c k  
h a s  f i n i s h e d  w i th  t h e  KS, i t  r e t u r n s  c o n t r o l  t o  m r in t . T he  p r o c e s s  
c o n t in u e s  u n t i l  th e  s t a r t  b lo c k  c h a n g e s  t h e  SBC, w h ic h  i t  w i l l  a lw ays 
c h an g e  t o  " f g o a l " .
•  The SBC i s  now " f g o a l " ;  m r in t  w i l l  c o n t in u e  t o  in v o k e  K S 's ,  d i s c a r d  
them  i f  t h e i r  SBC f i e l d  d o e s n o t  a g re e  w i th  t h e  c u r r e n t  SBC, and  lo a d  
th e  a p p r o p r i a t e  b lo c k  i f  i t  d o e s .  A f t e r  i t  h a s  be en  p a s s e d  a  num ber 
o f  K S 's ,  f g o a l  w i l l  t e r m i n a t e .  I f  i t  h a s  b e e n  a b le  t o  d is c h a r g e  i t s  
d u t i e s ,  i t  w i l l  c h an g e  th e  SBC t o  " g tm e r" ;  i f  i t  h a s n ' t ,  i t  w i l l  n o t  
to u c h  th e  SBC, b u t  w i l l  in fo rm  m r in t  t h a t  i t  h a s  f n i l e d .  M r in t  w i l l ,  
i n  t u r n ,  f a i l .
•  I f  t h e  SBC i s  now " g tm e r" ,  g tm e r  w i l l  b e  lo a d e d  and w i l l  ru n  e a c h  tim e
a  KS w i th  t h i s  SBC field is loaded. When it i n  t u r n  h a s  d is c h a r g e d
i t s  d u t i e s ,  g tm s r  w i l l  s e t  t h e  SBC t o  " f i n i s h " ,  and  t h e  sy s te m  w i l l  
h a l t .  *'fJ
T h u s , e a c h  t im e  a  KS i s  r e t r i e v e d  w i th  i t s  SBC f i e l d  e q u a l  t o  t h e  c u r r e n t  
SBC, t h e  a p p r o p r i a t e  b lo c k  w i l l  b e  lo a d e d ,  w i l l  o p e r a te  on th e  KS, and 
w i l l  t h e n  t e r m in a t e ,  c h a n g in g  th e  c u r r e n t  SBC i f  a p p r o p r i a t e .  The n e x t  
KS i s  th e n  r e t r i e v e d ..
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I t  c an  b e  s e e n  t h a t  t h i s  s t r a t e g y  i s  e q u iv a le n t  Vo u s in g  a num ber o f  i n ­
d e p e n d e n t know ledge  b a s e d  sy s te m s  w hich  in te r c o m m u n ic a te . I t  i s ,  how­
e v e r ,  s lo w e r  a s ,  i f  we u s e  t h e  l a t t e r  s t r a t e g y  b e c a u s e  we r e q u i r e  c e r t a i n  
o p e r a t i o n s  t o  b e  p e rfo rm e d  b e f o r e  o t h e r s ,  we may im p lem en t a form  o' 
p i p e l i n i n g  t o  in c r e a s e  t h e  s y s te m ’ s  s p e e d .  W ith  t h i s  s t r a t e g y ,  communi­
c a t i o n  i s s u e s  a r e  s im p l i f i e d ^  a s  a l l  sy s te m  d a t a  a r e  h e ld  i n  common 
b lo c k s ,  and  a r e  th e n  a v a i l a b l e  t o  a n y  lo a d e d  b lo c k .  N ote  t h a t  t h e  lo a d e r  
a p p ro a c h  i s  n o t  i d e a l l y  s im p le ;  t h e  o r i g i n a l  i n t e n t i o n  w as t o  c o n s t r u c t  
a  s i n g l e  p ro g ra m , w i th  b lo c k s  im p lem e n te d  a s  p r o c e d u r e s , and  t h e  p r e s e n t  
l o a d e r  a *.>zm of case b lo c k .  T h is  was n o t  p o s s i b l e ,  a s  i t  l e d  t o  code 
t h a t  e x c e e d e d  th e  a v a i l a b l e  coda s p a c e  i n  t h e  co m p u te r  u s e d .  The d u t i e s  
o f  t h e  b lo c k s  w i l l  now b e  d e s c r ib e d .
The f i r s t  b lo c k  in v o k e d  by  t h e  m a in  sy s te m  i s  t h e  i n i t s  b lo c k ,  w h ich  e x ­
i s t s  e n t i r e l y  a s  a  r e s u l t  o f  t h e  im p le m e n ta tio n  o f  t h e  sy s te m . The 
m in ic o m p u te r  on  w h ich  th e  sy s te m  w as im p lem en ted  h a s  an  a d d re s s  r a n g e  o f  
o n ly  32K w o rd s , w h ic h  m eans t h a t  any  p rog ram  t h a t  c o m p ile s  down t o  g r e a t e r  
t h a n  32k  w ords (p rog ram  and d a t a )  c a n n o t  b e  r u n .  The sy s te m  was im p le ­
m en ted  u s in g  a c t i v e  d a t a  s t r u c t u r e s , w h ere  e a c h  d a t a  s t r u c t u r e  i s  im p le ­
m e n ted  a s  a  p r o c e d u re  w i th  o p e r a to r s  d e f in e d  a s  p a r a m e t e r s ;  t h e  d a ta  
s t r u c t u r e s  r e q u i r e  i n i t i a l i s a t i o n ,  w h ich  was im p lem en ted  a s  an. o p e r a to r ,  
d e f in e d  o n  t h e  s t r u c t u r e .  T ow ards th e  end  of t h e  p r o to ty p in g  p h a s e ,  th e  
c o d e  b e g a n  t o  c o m p ile  down t o  m ore t h a n  3 2 k , v i t h  t h e  r e s u l t  t h a t  t h e  code 
had  t o  b e  se g m e n te d , s o  t h a t  s e p a r a t e  s e g a a n s s  o f  co d e  w ere  lo a d e d  i n to  
t h e  c o d e  S p a c e  b y  m r in t ,  and  r u n .  I t  was f e l t  t h a t  i t  w ou ld  b e  s im p le r  
t o  c o l l e c t  a l l  t h e  d a t a - s t r u c t u r e  p r o c e d u re s  i n t o  a  segm en t w hose s in g l e  
d u ty  was t o  i n i t i a l i s e  them  ( th e  d a t a  th e m s e lv e s  b e in g  k e p t  in  common) 
t h a n  t o  add c o d e  t h a t  w ould  i n i t i a l i s e  th e  s t r u c t u r e s  t o  t h e  m ain  p ro g ra m .
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T h is  segm en t i s  i n i t s ,  w h ich  i s  u se d  o n ly  t o  i n i t i a l i s e  th o s e  sy s te m  d a ta  
s t r u c t u r e s  t h a t  r e q u i r e  i t .
T he se c o n d  b lo c k  t h a t  a r i s e s  f r o a  t h e  im p le m e n ta tio n  o f  t h e  sy s te m  i s  t h e  
s t a r t  b lock -, w h ich  w ou ld  i n  f a c t  b e  a p a r t  o f  t h e  g o a l  s t r u c t u r e  s e tu p  
KAB, a l b e i t  a  m in o r  o n e . A t t h i s  s t a g e ,  t h e  s t a r t  b lo c k  i s  u se d  o n ly  t o  
r e c o v e r  t h e  m a in  sy s te m  g o a l ;  i t  seem ed p o s s i b l e  t h a t  i t  w ould b e  r e q u i r e d  
f o r  o t h e r  f u n c t i o n s ,  and was th u s  im p lem en ted  a s  a  c o m p le te  know ledge 
b a se d  b lo c k ,  a s  th e  i n f r a s t r u c t u r e  e x i s t e d .  T hus t h e  o n ly  tw o r u l e s  ( i n  
t h i s  c a s e  th e y  a r e  m ore l i k e  r u l e s  o r  la n g u a g e  s ta te m e n t s  th a n  K S 's )  t h a t  
e x i s t  i n  s t a r t  a r e :
• A lw ays r e c o v e r  t h e  m a in  sy s te m  g o a l ,  and
•  a lw ay s  ch an g e  SBC t o  ( g o a l .
I t  w i l l  b e  s e e n  t h a t ,  i n  t h i s  c a s e ,  t h e  o r d e r  o f  t h e i r  e x e c u tio n  i s  im ­
p o r t a n t .
We h a v e  d is c u s s e d  m r in t  a b o v e : t h e  d u t i e s  o f  t h i s  b lo c k  a r e  s im p le ,  b e in g  
a n o th e r  b lo c k  t h a t  h a s  a r i s e n  from  th e  im p le m e n ta tio n  o f  t h e  sy s te m . 
M r in t  i s  r e q u i r e d  t o  r e t r i e v e  from  d i s k  t h e  r e p r e s e n ta t i o n  o f  t h e  p i c t u r e ,  
and  t o  s e t  up  th e  s y s te m  d a t a  s t r u c t u r e s  t h a t  c o n ta in  t h i s  r e p r e s e n t a t i o n .  
I t  th e n  lo a d s  i n i t s  a n d , when t h a t  b lo c k  h a s  . t e r a i t i i t e d ,  b e g in s  th e  
p r o c e s s  o f  lo a d in g  K S 's .  I f  an  SBC f i e l d  m a tch e s  t h e  c u r r e n t  SBC, i t  
lo a d s  t h e  b lo c k  i n d i c a t e d  by * ' .■ • - r e n t  SBC and  w a i t s  f o r  i t  t o  c o m p le te ,  
M r in t s t e p s  th ro u g h  th e  .  • if, o n e , and c o n tin u e s  t o  do so  u n t i l  th e  
SBC h a s  c h anged  t o  " f i n i s h  f h i s  s t a g e ,  i t  p ro c e e d s  t o  s t e p  th ro u g h
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th e  K S 's  w i th o u t  lo a d in g  any b lo c k ,  b u t  t h i s  i s  a s  a r e s u l t  o f  m essy 
c o d in g  -  i t  c o u ld  a s  e a s i l y  te r m in a t e .
We come now t o  t h e  i n t e r e s t i n g  b lo c k s ;  we w i l l  d i s c u s s  f g o a l  f i r s t .  The 
d u ty  o f  t h i s  b lo c k  i s  t o  f a c t o r  t h e  m ain  sy s te m  g o a l  i n t o  p r im i t i v e s ' ,  and 
t o  k e e p  a r e c o r d  o f  t h e  s t r u c t u r e  o f  t h e  m ain sy s te m  g o a l  i n  te rm s  o f  t h e s e  
p r i m i t i v e s ,  u s in g  th e  te c h n iq u e s  we s h a l l  d e s c r ib e  b e lo w . The p r im i t i v e  
and s t r u c t u r a l  d e s c r i p t i o n s  a r e  k e p t  i n  sy s te m  d a t a  s t r u c t u r e s  f o r  r e f ­
e re n c e  by  g tm e r .  The p r o c e s s  by w h ich  t h i s  b lo c k  i s  in v o k e d  m akes i t s  
e x e c u t io n  p a r t i c u l a r l y  s lo w , a s  i t  i s  u n a b le  t o  s e a r c h  th e  know ledge b a se  
a c t i v e l y ,  b u t  m u st a c c e p t  o r  r e j e c t  K S 's  a s  th e y  a r e  p a s s e d  t o  i t .  T h is  
i s  u n f o r t u n a t e ,  b u t  t h e  segm en t was s im p ly  e a s i e r  t o  im plem ent i n  t h i s  
f a s h io n .
The se c o n d  m a jo r  b lo c k ,  g tm e r ,  i s  r e q u i r e d  t o  u s e  t h e  p r i m i t i v e  d e ­
s c r i p t i o n s  p r o v id e d  by  f g o a l  and t o  m erge r e g io n s  t o  form  t h e s e  p r im i­
t i v e s ,  by  g e n e r a t i n g  and  t e s t i n g  m erges (h en c e  i t s  n a m e) . T h is  b lo c k  w i l l  
th e n  g e n e r a t e  g ro u p s  o f  r e g io n s  a s  c a n d id a te s  f o r  s t r u c t u r e ,  and  w i l l  t e s t  
them  a g a in s t  t h e  s t r u c t u r a l  d e s c r i p t i o n s  s to r e d  by  f g o a l .  G e n e ra te  arid 
t e s t  h a s  b e e n  u se d  h t r  a s  a  t e c h n iq u e ,  a s  t h e  p a th  p l a n / a c t i o n  p a th  
e v a l u a t e . s t r u c t u r e  i s  in te n d e d  t o  u s e  a form  o f  t h a t  te c h n iq u e ,  a l b e i t  
w i th  g r e a t e r  s o p h i s t i c a t i o n  th a n  t h i s  b lo c k . The b lo c k  contains all t h e  
n e ig h b o u r  co d e  m e rg in g  i n f r a s t r u c t u r e ,  a s  w e l l  a s  t h e  KS e v a lu a t io n  
i n f r a s t r u c t u r e .  _ -V
By now th e  r e a d e r  s h o u ld  u n d e rs t a n d  th e  h i g h - l e v e l  d e s ig n  o f  t h e  p r o to ­
ty p e ,  and  we s h a l l  b e g in  t o  d i s c u s s  th 6  more s o l i d  d e s ig n  i s s u e s .
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THE DESIGN OF THE DATA STRUCTURES.
I n  a sy s te m  o f  t h i s  k in d ,  i t  i s  im p o r ta n t  t h a t  d a t a  o r e  c o r r e c t l y  em­
p lo y e d .  The sy s te m  r e q u i r e s  tw o m a jo r  c a t e g o r i e s  o f  d a t a :  S im p le  d a t a  
a r e  em ployed  w i th in  a  b lo c k  w h ile  i t  i s  r u n n in g ,  and  w i l l  n o t  b e  ne ed e d  
th e  n e x t  tim e  t h e  b lo c k  i s  in v o k e d . System  d a t a  a r e  r e q u i r e d  e i t h e r  by 
m ore t h a n  one  b lo c k ,  o r  by  one  b lo c k  on  more th a n  one  o c c a s io n .  We w i l l  
d e s c r ib e  o n ly  t h e  l a t t e r  d a t a  s t r u c t u r e s :  t h e  fo rm e r  a r e  d e s c r ib e d  w here  
n e c e s s a r y  w h ere  t h e  b lo c k s  a r e  d e s c r ib e d /
We r e q u i r e  t h e  f o l lo w in g  sy s te m  d a t a  s t r u c t u r e s :
•  a  s t r u c t u r e  t o  s t o r e  a  ctiuir _ .  d e s c r i p t i o n  o f  th e  s t r u c t u r e  o f  
t h e  m ain  sy s te m  g o a l ,
•  a structure into which s u b - g o a l s  t h a t  h a v e  been  fo u n d  may be 
/ d e m o ted , and  w h ere  a  r e c o r d  o f  s e t s  o f  r e g io n s  t h a t  m a tch  them  
/  may b e  k e p t ,  and  f i n a l l y ,
•  s t r u c t u r e s  f o r  t h e  f g o a t  b lo c k  t o  u s e  a s  a  s c r a tc h p a d  w h ile  e x ­
p a n d in g  a  g o a l .
We u s e  t h e  te rm  " s y s te m  s u b - i  '- a l"  t o  r e f e r  t o  a name ( o f  e i t h e r  a  com­
p o s i t e  o r  a  p r i m i t i v e )  t h a t  is? n ;>*st o f  t h e  s t r u c t u r e  o f  t h e  m ain sy s te m  
g o a l ,  and  h a s  n o t  b e en  e x p a n tir^ . We w i l l  d i s c u s s  t h e  l a t t e r  s t r u c t u r e s  
f i r s t ,  a s  th e y  a r e  im p o r ta n t  t o  t h e  d i s c u s s io n  o f  t h e  o t h e r s .
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T h ere  a r e  two s t r u c t u r e s  u se d  by f g o e l  a s  a s c r a t c h  p a d : th e  f i r s t ,  t h e
sy s te m  c o m p o s ite  l i s t ,  i s  u se d  t o  k e e p  t r a c k  o f  the . sy s te m  s u b - g o a l s , and
th e  s e c o n d , t h e  sy s te m  p r i m i t i v e  1 ' s t ,  i s  u s e d  t o  ke ep  t r a c k  o f  th e  sy s te m  
p r i m i t i v e s .  The s y s te m  c o m p o s ite  l i s t  h a s  be en  im p lem en ted  a s  a 
f o rw a rd - l in k e d  l i s t ;  t h i s  s t r u c t u r e  h a s  b e e n  u se d  a s  i t  i s  s im p le  t o  r e ­
move an  e lem e n t from  a  l i s t  i n  e  way t h a t  d o e s n o t  im pede s e a r c h i n g .  (No
in s p e c t io n  o f  f l a g s , ,  o r  r e s h u f f l i n g  o f  r e c o r d s ,  i s  n e c e s s a r y . ) The
s t r u c t u r e  c o n ta in s  t h e  nam es o f  a l l  u nexpanded  nam es i n  t h e  f a c t o r i n g  o f  
t h e  m a in  sy s te m  g o a l .  T h u s , i t  c o n ta in s  a  l i s t  o f  t h e  o b j e c t s  w hose d e ­
f i n i t i o n s  t h e  sy s te m  s t i l l  r e q u i r e s ,  and i f  a  name d o e s  n o t  a p p e a r  i n  t h i s  
l i s t ,  a  KS d e s c r ib in g  an  o b je c t  o f  t h a t  name i s  n o t  o f  i n t e r e s t  t o  f g o a l .  
The sy s te m  p r i m i t i v e  l i s t  c o n ta in s  th e  d e s c r i p t i o n  o f  a l l  p r i m i t i v e s  w h ich  
h ave  b e e n  e n c o u n te re d  i n  f a c t o r i n g  th e  m a in  sy s te m  g o a l ,  and  w hose nam es 
w ere  p a r t  o f  t h e  sy s te m  c o m p o s ite  l i s t  when th e y  w ere  e n c o u n te re d -  T h is  
l i s t  i s  n o t  i n  f a c t  a  l in k e d  l i s t ,  a s  i t  i s  n o t  s e a r c h e d  i n  t h i s  fo rm , 
b u t  i s  a  s im p le  random  a c c e s s  s t r u c t u r e .
The s t r u c t u r e  o f  t h e  m a in  sy s te m  g o a l  i s  s t o r e d  i n  th e  s t r u c t u r a l  l i s t .  
I t  i s  im p lem en ted  a s  a  fo rw a rd  l in k e d  l i s t ,  eac h  e le m e n t b e in g  a  s e t  o f  
t h r e e  s t a c k s , a n d  a  l i n k e d  l i s t  b e in g  c h o se n  t o r  t h e  same r e a s o n s  g iv e n  
f o r  t h e  sy s te m  p r i m i t i v e  l i s t .  The e le m e n ts  ta k e  t h e  form  d e s c r ib e d  b e ­
c a u se  o f  th e  s t r u c t u r e  o f  t h e  K S 's ,  w hose s y n ta x  i s  su c h  t h a t  t h e i r
e v a lu a t io n  i s  s i m p l i f i e d  by th e  u s e  o f  s t a c k s .  T h u s , when a  s t r u c t u r e
t h a t  h a s  listen r e c o rd e d  m u st b e  e v a lu a te d  f o r  a s e t  o f  r e g io n s ,  th e  a p ­
p r o p r i a t e  r e c o r d  from  t h e  l i s t  i s  lo a d e d  i n t o  t h e  e v a lu a t in g  p r o c e d u r e 's  
s t a c k s ,  and t h e  KS may b e  e v a lu a te d .
The n e e d  f o r  a  s t r u c t u r e  i n t o  w h ich  s u b - g o a l s  t h a t  h av e  be en  found  may 
b e  de m o ted , and  w here  a  r e c o r d  o f  s e t s  o f  r e g io n s  t h a t  m atch them  'may be
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k e p t w i l l  becom e a p p a r e n t  when th e  a lg o r i th m s  by w h ich  th e  b lo c k s  o p e ra te  
a re  d e s c r ib e d ;  we w i l l  c a l l  i t  th e  s t r u c t u r a l  p r i m i t i v e  l i s t .  I t  i s  a  
s im p le  a r r a y  o f  r e c o r d s ,  w i th  a ." n e x t r e c o r d "  p o i n t e r  b e in g  m a in ta in e d ,  
a s  r e c o r d s  a r e  n o t  d e l e t e d ,  and g a rb a g e  c o l l e c t i o n  o v e rh e a d s  w i l l  n o t  
become a p p a r e n t .  E ach  r e c o r d  c o n ta in s  a f i e l d  i n  w h ich  th e  name o f  th e  
new p r i m i t i v e  ( t h a t  i s ,  e i t h e r  a t r u e  p r i m i t i v e ,  o r  a  c o m p o s ite  t o  w hich  
a  m a tch  h a s  b e e r  o b ta in e d )  i s  s t o r e d ,  and a  f i e l d  i n  w h ic h  th e  num bers 
o f  t h e  r e g io n s  w h ic h  m a tch  t h i s  new p r i m i t i v e ' s  d e s c r i p t i o n ,  a r e  s to r e d .
T he sy s te m  d a t a  s t r u c t u r e s  a r e  im p o r ta n t  t o  t h e  f u n c t i o n in g  o f  t h e  b lo c k  
a lg o r i th m s .  We h a v e  d e s c r ib e d  t h e s e  s t r u c t u r e s ,  and  w i l l  d e s c r ib e  t h e  
a lg o r i th m s  when we h a v e  d is c u s s e d  a n o th e r  s u b je c t  im p o r ta n t  t o  u n d e r ­
s t a n d in g  t h e  a lg o r i t h m s ,  t h e  s y n ta x  o f  t h e  K S 's .
THE SYNTAX AND STRUCTURE OF THE KNOWLEDGE S b U R C E S .
I t  i s  t r i t e  t h a t  a  r e s t r i c t i v e  and  c a r e f u l ly - c h o s e n  s y n ta x  w i l l  i n  g e n e r a l  
l e a d  t o  a  la n g u a g e  w h ic h  i s  s im p le  t o  im p lem e n t. The know ledge  s o u r c e s  
c a n  b e  th o u g h t  o f  a s  fo rm in g  a s im p le  la n g u a g e , by  w h ic h  t h e  a p p e a ra n c e  
o f  o b j e c t s  i n  p i c t u r e s  may b e  d e s c r ib e d ,  s o  we h av e  u s e d  t h e  a b o v e  p r i n ­
c i p l e  i n  t h e i r  d e s ig n  t o  s im p l i f y  t h e  u s e  o f  t h e  K S 's .  T h e i r  s y n ta x  h a s  
b e en  d e s ig n e d  w i th  s i m p l i c i t y  o f  im p le m e n ta tio n  b e in g  th e  p r im e  c o n s id ­
e r a t i o n .
A KS c o n ta in s  f o u r  f i e l d s :  a  num ber f i e l d ,  an  SBC f i e l d ,  a  c o n d i t io n  
f i e l d ,  and an  a c t io n  f i e l d ,  i n  t h a t  * o r d e r .  We h av e  u s e d  th e
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" c o n d i t i o n - a c t io n "  te rm in o lo g y  h e re  f o r  s i m p l i c i t y ,  and a r e  a w a re  o f  i t s  
i n c o n s is te n c y  w i th  t h e  d i s l i k e  o f  th e  r u l e s  te rm in o lo g y  e x p re s s e d  a b o v e. 
The u s e  o f  t h e  S»C f i e l d  h a s  been  e x p la in e d  a b o v e : t h e  num ber f i e l d  i s  
u se d  t o  make t h e  sy s te m  e r r o r  m e ssa g es m ore m e a n in g fu l ,  s o  t h a t  th e  u s e r  
knows i n  w h ich  KS th e  sy s te m  h a s  f a i l e d .  The u s e s  o f  t h e  c o n d i t i o n  and 
a c t io n  f i e l d s  w i l l  b e  e x p la in e d  be lo w .
T he condition  f ie ld .
The c o n d i t io n  f i e l d  c o n s i s t s  o f  a  s e t  o f  c o n d i t io n s  l in k e d  by  l o g i c a l  
o p e r a t o r s ,  fo rm in g  a l o g i c a l  e x p r e s s io n ,  w h ic h  im p l ie s  t h e  a c t i o n  f i e l d .  
'■Sti g e n e r a l ,  i f  t h e  c o n d i t i o n  f i e l d  i s  t r u e ,  t h e n ,  d e p e n d in g  on  i n  w h ich  
b lo c k  th e  r u l e  i s  d e f in e d ,,  e i t h e r  t h e  o b j e c t  named i n  t h e  a c t i o n  f i e l d  
h a s  b e e n  fo u n d , o r  t h e  a c t i o n  named in  t h e  a c t i o n  f i e l d  s h o u ld  b e  ta k e n .
The common e x p e r t  sy s te m  p r a c t i c e  (F o r  ex am p le , i n  t h e  MYCIN system d e ­
s c r i b e d  by B uchanan  and  S h o r t l i f f e ' (1 9 8 4 ) i s  t o  p r o v id e  o n ly  t h e  l o g i c a l  
o p e r a to r  AND i n  t h e  KS la n g u a g e . T h u s , i f  we w ish  t o  e x p re s s  t h a t  i t  w i l l  
r a i n  tom orrow  i f  i t  i s  r a i n i n g  to d a y ,  o r  i f  i t  i s  o v e r c a s t  to d a y  and th e  
b a ro m e te r  i s  f a l l i n g  (1  do  n o t  vouch  f o r  t h i s  K S ), we w ou ld  b e  o b lig e d  
t o  u s e  tw o r u l e s ,  and  s a y ;
•  IF  i t  i s  r a i n i n g  to d a y ,  THEN i t  w i l l  r a i n  tom orrow .
• IF  i t  i s  o v e r c a s t  to d a y ,  AND t h e  b a ro m e te r  i s  d r o p p in g ,  THEN i t  
w i l l ' r a i n  tom orrow .
THE DESIGN OF THE PROTOTYPE SYSTEM.
The OR o p e r a to r  i s  th e n  a c h ie v e d  b e c a u se  e i t h e r  o n e , o r  b o th ,  o f  t h e  K S 's  
may f i r e .  We h a v e  n o t  u se d  t h i s  te c h n iq u e  b e c a u s e  o f  t h e  o p a c i ty  i t  le n d s  
t h e  r u l e  b a s e  ( I t  i s  n o t  e a s y  t o  s e e  a t  a. g la n c e  j u s t  w hat seg m en t o f  th e  
r u l e  b a s e  r e l a t e s  t o  w h at c o n c l u s i o n . ) ,  and  b e c a u se  p r o v i s io n  o f  a  f u l l  
s e t  o f  o p e r a t o r s  i s  n o t  s im p le  i n  t h e  r u l e  s t r u c t u r e  u s e d .
We h a v e  p r o v id e d  a s  l o g i c a l  o p e r a to r s  AND, OR, and  NOT. AND and  OR a r e  
e n t i t l e d  t o  o n ly  tw o o p e ra n d s ,  and  NOT may h av e  o n ly  o n e . The o p e ra n d s  
n a y  b e  e x p r e s s io n s ,  o r  s im p le  c o n d i t i o n s . The o p e r a to r s  a r e  e x p re s s e d  
i n  p o s t - f i x  n o t a t i o n ,  b e c a u s e  i t  i s  e x tre m e ly  s im p le  t o  c o n s t r u c t  an  i n ­
t e r p r e t e r  f o r  t h i s  n o t a t i o n ,  o r i e n t e d  a s  i t  i s  to w a rd  a  s t a c k  s t r u c t u r e .  
N e s t in g  i s  a l lo w e d  t o  a  d e p th  o f  2 0 , t h e  l i m i t  b e in g  im posed  f o r  p r a c t i c a l  
r e a s o n s  o n ly .
We h a v e  m e n tio n e d  above  th e  im p o r ta n t  s i m p l i f i c a t i o n  t h a t  h a s  b e e n  u s e d  
i n  t h e  c o n s t r u c t io n  o f  t h e  c o n d i t i o n  l i s t  s y n ta x :  We do n o t  a llo w  a
condition to be d e f in e d  by  th e  c o n d i t i o n  l i s t  o f  o n e  KS ( i . e .  by a p p e a r in g  
in  i t s  a c t i o n  f i e l d )  and  th e n  t o  b e  u s e d  by  a n o th e r  KS a s  a c o n d i t io n ,  
i f  t h e  b lo c k  t h a t  u s e s  t h e  K S 's  a t te m p ts  t o  e v a l u a t e " them io m e d if - . '_ y  
r a t h e r  t h a n  s t o r i n g  them  f o r  s t r u c t u r a l  i n f o r m a t io n .  T h is  i s  e q u iv a le n t  
t o  f o r b i d d in g  t h e  u s e  o f  K S 's  w h ic h  r e q u i r e  backw ard  c h a in in g  f o r  t h v i r  
e v a l u a t i o n ,  i f  t h e  b lo ck - i n  w h ic h  th e y  a p p e a r  e v a lu a t e s  K S 's  im m e d ia te ly ,  
and  i s  a  s i m p l i f i c a t i o n  b e c a u s e  w hen we e v a lu a t e  K S 's ,  we m ust d e f in e  
v a r i a b l e s  f o r  c o n d i t i o n  e v a lu a t io n .  I f  we th e n  w ish  t o  c h a in  t h r o u g h  th e  
know ledge  b a s e ,  we m u st c a r r y  t h e s e  v a r i a b l e s .  We w i l l  th u s  i n c u r  a  
c o n s id e r a b l e  o v e rh e a d  t o  no  good  p u r p o s e ,  a s ,  i f  a  c o n d i t io n  may b e  d e ­
f in e d  in  th e  f a s h i o n  we a r e  f o r b i d d in g ,  e i t h e r  i t  m ust b e  c a p a b le  Of b e in g  
r e s o l v e d  ’ i n t o  an  e x p r e s s io n ,  o r ,  i f  i t  c a n n o t  b e  r e s o l v e d ,  i t  i s  mean­
i n g l e s s  anyhow .■ T hus we g a in  a  t y p in g  o v e rh e a d  i n  e n t e r in g  K S 's  by  lo s i n g
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a  la r g e  c o d in g  o v e rh e a d . An im p le m e n ta tio n  in  a la n g u a g e  t h a t  a l lo w s  
r e c u r s i o n  w i l l  n o t  i n c u r  t h i s  o v e rh e a d , as f a r  a s  I  can  s e e .
T he s i t u a t i o n  i s  v e ry  d i f f e r e n t  when th e  b lo c k  u s in g  th e  r u l e s  u s e s  them 
t o  r e c o r d  s t r u c t u r e :  i n  t h i s  c a s e ,  th e  r u l e s  a r e  b e in g  lo a d e d  i n t o  d a t a  
s t r u c t u r e s  f o r  f u t u r e  r e f e r e n c e ,  and  when th e y  a r e  b e in g  e v a lu a t e d ,  th e y  
w i l l  b e  e v a lu a te d  in  a  f o rw a rd - c h a in in g  f a s h i o n , ,  th e  sy s te m  h a v in g  a l r e a d y  
d e c id e d  w hat c o n d i t i o n s  a r e  p r i m i t i v e ,  so  t h e  p ro b lem  o f  r e c o r d in g  v a r i ­
a b l e s  i s  n o t  a s  s e v e r e .  A t th e  same t im e ,  i n  t h i s  c a s e  i t  i s  e s s e n t i a l  
t o  a l lo w  b ack w ard  r e f e r e n c e s ,  and  th e  o v e rh e a d  in c u r r e d  i s  more a c c e p ta -
T h u s , f o r  e x am p le , t h e  sy s te m  o f  K S 's  shown be low  i s  i l l e g a l  ( I  do  n o t  
v o u c h  f o r  t h e s e  K S 's  e i t h e r . ) :
•  IF  i t  i s  o v e r c a s t  AND th e  g a r d e n e r 's  j o i n t s  a r e  aching,TH EN  i t  
i s  l i k e l y  to rain.
• I F  i t  i s  l i k e l y  t o  r a i n  AND th e  b a ro m e te r  f a l l s ,  THEN i t  i s  
r a in i n g .
■ B ut we may e a s i l y  r e s o l v e  t h e  above  sy s te m  i n t o :
e IF  i t  i s  o v e r c a s t ,  AND th e i g a r d e n e r 's  j o i n t s  a r e  a c h in g
AND th e  b a ro m e te r  f a l l s ,  THEN i t  i s  r a i n i n g .
C o n d i t io n s  may h a v e  up t o  s e v e n  o p e ra n d s  (a  r e s u l t  o f  th e  im p le m e n ta tio n ; 
we h av e  n o t  r e q u i r e d  i n  p r a c t i c e  more th a n  t h r e e ) ,  none o f  w h ich  may i t -
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s e l f  be a  c o n d i t io n .  T h is  r e s u l t s  i n  a s i m p l i f i c a t i o n  o f  t h t  c o d e . We 
h av e  n o t  im p lem en ted  v a r i a b l e - l e n g t h  p a ra m e te r  l i s t s  f o r  t h e  c o n d i t i o n s ,  
a g a in  f o r  th e  s a k e  o f  s i m p l i c i t y .  New c o n d i t io n s  a r e  e a s i l y  d e f in e d .
T he action fie ld .
The a c t io n  f i e l d  t y p i c a l l y  c o n ta in s  e i t h e r  t h e  name o f  an a c t io n  ( w i th  
p a r a m e t e r s ) ,  t h a t  m ust b e  p e rfo rm e d , o r  t h e  name o f  an  o b je c t  t h a t  i s  
b e in g  d e s c r ib e d  by  th e  K S, w i th  a  p a ra m e te r  t o  s a y  w h e th e r  t h e  o b j e c t  i s  
c o m p o s ite  o r  p r i m i t i v e .  M u l t ip le  a c t i o n  nam es a r e  n o t  a llo w e d  ( f o r  im ­
p le m e n ta t i o n  s i m p l i c i t y ) ,  and  m u l t i p l e  o h ' * nam es w ould  b e  m e a n in g le s s .
Examples of ru le  u se .
To t h i s  p o in t  i t  h a s  b e e n  im p l ie d  t h a t  t h e  same s t r u c t u r e  h a s  b e e n  u se d  
t o  d e s c r ib e  o b j e c t s  and t o  im p ly  a c t i o n s ;  t h i s  f a c u l ty  i s  a c h ie v e d  by  a  
s l i g h t l y  d i f f e r e n t  i n t e r p r e t a t i o n  o f  th e  s t a c k s  g e n e r a te d  by th e  KS. Thus 
( n o t i n g - t h a t  t t i n d i t i o n  and  a c t io n  f i e l d s  a r e  s e p a r a t e d  by  a  and  t h a t  
a  c o n d i t i o n  p a ra m e te r  l i s t  i s  e n c lo s e d  in  d iam ond b r a c k e t s ,  t o  s im p l i f y  
p a r s i n g  th e  KS):
( ( ( ( (0N<LEG1, BODY> 0N<LEG2, B0DY>)A ON<LEG3,BODY>)A 0N<LEG4,B0DY>)A 
ON<BODY, IEAD>) A NEXT<HEAD,TRUNK>)A*ELEFNT<COMP>
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d e s c r i p t i o n  o f  an e le p h a n t ;  t h e  name i s  s p e l l e d  e l e f n t  
s a r e s u l t  o f  t h e  im p le m e n ta t io n , names a r e  r e q u i r e d  t o  
n s i x  l e t t e r s .
T he KS may b e  d e s c r ib e d  a s  s a y in g :  an  o b j e c t ,  w i th  a s i n g l e  body  su p p o r te d  
by  f o u r  d i s t i n c t  l e g s , 'a n d  w i th  a  h e ad  on t h a t  b o d y , and  a  t r u n k  a t t a c h e d  
t o  t h e  h e a d , i s  an  e l e p h a n t .  I t  s a y s  a s  w e l l  t h a t  an  e le p h a n t  i s  a  com­
p o s i t e :  t h a t  i s ,  t h e  p a r t s  i n  te rm s  o f  w h ich  t h e  e le p h a n t  i s  d e s c r ib e d  
m ust th e m s e lv e s  b e  f a c to r e d  i n t o  p r i m i t i v e s ,  w h ic h  a r e  d e s c r ib e d  i n  te rm s  
o f  p i c t u r e  p r o p e r t i e s .  N o tic e  t h a t  t h e  n u m e r ic a l  t a g s  appended  t o  t h e  
nam es o f  t h e  e l e p h a n t  p a r t s  d e s c r ib e  t h e s e  p a r t s  a s  b e in g  d i s t i n c t .  The 
e le p h a n t  m ust b y  t h i s  d e s c r i p t i o n  h a v e  f o u r  l e g s .  T he t a g s  a r e  s t r i p p e d  
b e f o r e  t h e  know ledge  b a s e  i s  s e a r c h e d  f o r  t h e  p a r t ' s  d e s c r i p t i o n ,  a s  i t  
i s  n o t  a p p e a l in g  t o  h a v e  t o  e n t e r  K S 's  d e s c r ib in g  I e g l , l e g 2 , l e g 3 ,  and  s o
K S 's  t h a t  d e s c r ib e  p r i m i t i v e s ,  d e s c r ib e  them  in  te rm s  o f  p i c t u r e  l e v e l  
p r o p e r t i e s .  T h u s , a  r o c k  w ould  b e  d e s c r ib e d  a s  f o l lo w s :
((((SHAPE<DK> SIZE<DK>)A REFLEC<MEDIUM>)A TEXTUR<M£DIUM>)A 
CONCAV<HIGH>)A*ROCK<PRIM>
T h is  s a y s  t h a t  a  r o c k  h a s  an  unknown s h a p e  and s i z e ,  a  h ig h  c o n c a v i ty  (We 
u s e  t h i s  te rm  t o  mean ti rag g e d  o u t l i n e . )  and a  medium t e x t u r e  and
r e f l e c t a n c e ,  and  t h a t  i t  i s  a  p r i m i t i v e .  I t  i s  a c c e p te d  t h a t  t h e r e  a r e  
l i k e l y  t o  b e  p ro b le m s  w i th  th e  in f o r m a t io n  g iv e n  t o  r e p r e s e n t  t h e  p r im i ­
t i v e ,  b u t  a t  t h e  p r e s e n t  s t a t e  o f  im p le m e n ta tio n  i t  i s  s u f f i c i e n t ,  and 
i t  i s  open  t o  e x p a n s io n .
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The f o l lo w in g  KS e x p re s s e s  an a c t io n :
(((((R0CK<R1,VERY> ROCK<CENTRE,Q+>)A (R0CK<R1,VERY> BACK<CENTRBvQ+>)A)0(.
R0CK<S1,VE8Y> ROGK<CENTRE,DK>)0 RNN1«<CENTRE,1>>A*WERGE<C£OTRE,R1>
n i l s  r u l e  s a y s  t h a t  i f  t h e  f i r s t  r e g io n  i n  a  g iv e n  r e g i o n ' s  n e ig h b o u r  code 
b e lo n g s  s t r o n g ly  t o  t h e  r o c k  c l a s s ,  and t h e  g iv e n  r e g io n  i t s e l f  b e lo n g s  
t o  t h e  r o c k  c l a s s  t o  a  d e g re e  o f  q u i t e  o r  g r e a t e r ,  o r  i f  t h e  g iv e n  r e g i o n 's  
f i r s t  n e ig h b o u r  b e lo n g s  s t r o n g l y  t o  t h e  r o c k  c l a s s ,  and th e  r e g io n  i t s e l f  
b e lo n g s  t o  t h e  b a ck g ro u n d  c l a s s  t o  a  d e g re e  o f  q u i t e  o r  g r e a t e r ,  o r  th e  
g iv e n  r e g i o n ' s  f i r s t  n e ig h b o u r  b e lo n g s  s t r o n g ly  t o  t h e  r o c k  c l a s s ,  and  
t h e  g iv e n  r e g io n  b e lo n g s  t o  t h e  r o c k  c l a s s  t o  a d e g re e  o f  d o n ' t  know, and 
th e  g iv e n  r e g io n  h a s  o n ly  o n e  n e ig h b o u r ,  th e n  t h a t  r e g io n  and  i t s  
n e ig h b o u r  s h o u ld  b e  m e rg e d . T h is  i s  th e  same a s  s a y in g  t h a t  o n e  may n o t  
ha v e  r o c k s  w i th  h o le s  i n  them .
An a l e r t  r e a d e r  w i l l  h a v e  n o t i c e d  t h a t  a s  t h e  n e ig h b o u r  code  i s  c y c l i c ,  
it-  i s  m e a n in g le s s  t o  r e f e r  t o  t h e  f i r s t  r e g io n  i n  i t .  W hat R1 in  f a c t  
r e f e r s  t o  i s  a l l  p o s s i b l e  f i r s t  r e g io n s  i n  t h e  c o d e : t h u s ,  by r e f e r r i n g  
t o  R l and  R3 we may r e f e r  t o  any  tw o r e g io n s  i n  t h e  co d e  o f f s e t  by one 
r e g io n .  We w i l l  d i s c u s s  t h i s  p o i n t  i n  g r e a t e r  d e p th  be lo w .
I t  i s  o b v io u s  t h a t  t h e  KS fo rm a t i s  e x tre m e ly  op a q u e ; t h e  sy s te m  h a s  n o t  
i n  any  way be en  d e s ig n e d  f o r  an  u n s k i l l e d  o p e r a to r .  I t  i s  o f  c o u rs e  
p o s s i b l e  t o  a t t a c h  a  n a t u r a l  la n g u a g e  i n t e r f a c e  t o  t h e  p r e s e n t  s im p le  r u l e  
e d i t o r ,  b u t  t h i s  was f e l t  t o  b e  f a r  beyond  th e  s c o p e  o f  t h i s  p r o to ty p e .
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We h a v e  d i s c u s s e r  t h e  sy s te m  b lo c k  d ia g : 
and  t h e  s y n ta x  and s t r u c t u r e  o f  t h e  K S 's 
r l th m s  u s e d  by  t h e  b lo c k s .
THE ALGORITHMS USED W IT H IN  TH E  B L O C K S .
The a lg o r i th m s  u s e d  by  th e  b lo c k s  f g o a l  a n d  g tm e r  t o  d is c h a r g e  t h e i r  d u ­
t i e s  w i l l  n o t  b e  p r e s e n te d  f o r m a l ly ,  b u t  w i l l  b e  d e s c r ib e d  i n  d e t a i l .  
T hey  a r e  e s s e n t i a l l y  f a i r l y  s im p le ,  b u t  a  fo rm a l p r e s e n t a t i o n  w ou ld  i n ­
v o lv e  a  m ass o f  u n im p o r ta n t  d e t a i l ,  a n d  .w ould  c lo u d  th e  i s s u e .  We w i l l  
d e s c r i b e  how th e  sy s te m  e v a lu a t e s  a  KS, how i t  f a c to r s  t h e  m ain  sy s te m  
g o a l  and  s t o r e s  i t s  s t r u c t u r a l  d e s c r i p t i o n ,  how i t  g e n e r a te s  and  t e s t s  
m e rg e s , and how i t  fo rw a rd  c h a in s  t o  t h e  m ain  sy s te m  g o a l .  The l a s t  a l ­
g o r i th m  h a s  n o t  y e t  be en  im p le m e n te d , a n d  a s  su c h  i s  n o t  d e f i n i t e l y  f r e e  
o f  p r o b le m s . T he b lo c k s  b a s e d  on  th e  o t h e r  a lg o r i th m s  w o rk , b u t  t h i s  does 
n o t  g u a r a n te e  t h e  c o r r e c tn e s s  o f  t h e  a lg o r i th m s .
T h es e  a lg o r i th m s  a r e  n o t  t r u l y  f a i l - s a f e ,  b u t  e r r o r s  e n c o u n te re d  by  th e  
im p lem e n te d  c o d e  a r e  t r a p p e d  and  r e p o r t e d ;  we w i l l  d e s c r ib e  th e  
e r r o r - h a n d l i n g  f a c i l i t i e s  when we d e s c r ib e  t h e  im p le m e n ta tio n  o f  th e  
p r o to ty p e .
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i  s ,  r.7■i ■
How th e  p ro to ty p e  ev a lu a te s  a KS.
We h a v e  d is c u s s e d  above  t h e  s y n ta x  and  s t r u c t u r e  o f  t h e  K S 's  and h a v e  s a id  
how th e y  h av e  be en  o r d e a te d  t o  s im p l i f y  e v a lu a t io n  o f  th e  KS. We w i l l  
show h e r e  j u s t  how th e y  s im p l i f y  t h i s  p r o c e s s ,  and how th e  s t a c k - o r i e n t e d  
s t r u c t u r e  o f  t h e  K S 's  s i m p l i f i e s  t h e i r  im p le m e n ta tio n .
The p r o c e s s  o f  KS e v a lu a t io n  b o i l s  down t o  f o u r  s t e p s :
•  The K S 's  m u st b e  decom posed  i n t o  t h e i r  s t a c k  r e p r e s e n t a t i o n .
•  T he c o n d i t i o n  o p e ra n d s  f o r  e a c h  c o n d i t io n  m ust b e  f i x e d .
• The c o n d i t io n s  th e m s e lv e s  m u st b e  e v a lu a te d .
•  F i n a l l y ,  a l l  th e  v a lu e s  o f  t h e  c o n d i t i o n s  m u st b e  com bined  to  fo rm  
t h e  v a lu e  o f  t h e  KS.
D ec o m p o s in g  K S’s :  T h is  p r o c e s s  i s  im p lem en ted  by a  s im p le  s t a t e  m ach ine . 
The KS i s  r e a d  from  b a c k  t o  f r o n t  ( t h i s  le a d s  t o  t h e  s t a c k s  b e in g  in  a 
m ore c o n v e n ie n t  o r d e r ,  and  th e  nam es a r e  e a s i l y  r e v e r s e d )  and i f  an op ­
e r a t o r  (  " ( " ,  "A11, " 0 "  o r  "N ") i s  e n c o u n te re d ,  i t  i s  pu sh e d  i n to  t h e
o p e r a to r  s t a c k .  The s t a r t  o f  a  c o n d i t io n  f id 'i d  w i l l  b e  i n d i c a t e d  by 
(rem em ber we a r e  r e a d in g  t h e  KS b a ck w ard s , and n o t i c e  now th e  r e a s o n  f o r  
u s in g  d iam ond b r a c k e t s  f o r  d e l im i t i n g  c o n d i t io n  p a ra m e te r  l i s t s ) .  ' A f t e r  
t h i s  we e x p e c t  up  t o  s i x  l e t t e r s ,  f o llo w e d  by a  " ,  "  o r  a  th e s e
l e t t e r s  form  th e  name o f  t h e  l a s t  o f  t h e  c o n d i t io n  o p e ra n d s , w hich  i s  
r e v e r s e d  and  p u sh e d  i n t o  t h e  c o n d i t io n  o p e ra n d  s t a c k .  I f  t h e  d e l i m i t e r
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e n co u n tp  '  i s  a  " ,  " th e n  we c o n tin u e  t o  f in d  and p u sh  c o n d i t io n  o p e ra n d s  
u n t i l  we e r u v n ' . e r  a  We do n o t  s t o r e  t h e  d iam ond b r a c k e ts  o r  th e
commas, n o r  do we d e l i m i t  t h e  o p e ra n d s  i n  t h e  s t a c k  a s  b e lo n g in g  t o  s e p ­
a r a t e  c o n d i t i o n s .  N e ts  t h a t  t h e  l i m i t  o f  s e v e n  c o n d i t io n  o p e ra n d s  i s  n o t  
im posed  a t  t h i s  p o i n t .  A KS e x c e e d in g  t h i s  l i m i t ,  o r  a  c o n d i t io n  c o n ­
t a i n i n g  more o r  few er  o p e ra n d s  th a n  a r e  d e f in e d  f o r  i t ,  w i l l  c a u se  an 
e r r o r  b a se d  on  th e  d i s a r r a y  o f  t h e  c o n d i t io n  o p e ra n d  s t a c k ,  a s  t h e r e  W il l  
b e  m o re , o r  f e w e r  o p e ra n d s  th a n  r e q u i r e d  in  t h e  s t a c k .  As th e  sy s te m  
e n f o r c e s  t y p in g  on  i t s  o p e ra n d s , t h e  e r r o r  s h o u ld  b e  r e p o r te d  w hen a 
c o n d i t i o n  r e c e iv e s  an  o p e ra n d  n o t  in te n d e d  f o r  i t .
When a  "<" h a s  b e e n  e n c o u n te re d ,  t h e  f o l lo w in g  c h a r a c t e r s ,  t o  a maximum 
o f  s i x ,  fo rm  th e  c o n d i t io n  nam e, w h ich  i s  r e v e r s e d  and th e n  p u sh e d  o n to  
t h e  c o n d i t io n  s t a c k .  The p r o c e s s  c o n tin u e s  u n t i l  t h e  e n t i r e  KS c o n d i t io n  
f i e l d  h a s  be en  decom posed . We c a tc h  unm atched  p a re n th e s e s  ( " ( "  o r  
n o t " < "  n o r  w h ich  a r e  u s e d  o n ly  t o  d e l i m i t  t h e  c o n d i t io n  p a ra m e te r
a r e a )  by s e t t i n g  a  c o u n te r  t o  z e r o ,  in c re m e n tin g  i t  eac h  tim e  e left p a ­
r e n t h e s i s  i s  e n c o u n te re d ,  and  d e c re m e n tin g  i t  f o r  a  r i g h t  p a r e n th e s i s .  
I f  when th e  c o n d i t i o n  f i e l d  h a s  b e en  f u l l y  decom posed  th e  c o u n te r  i s  n o t  
a g a in  z e r o ,  we h a v e  an  e r r o r .
E valuating  th e  c o n d itio n s . : The n e x t  p r o c e s s  i s  t h a t  o f  e v a lu a t in g  a l l
t h e  c o n d i t i o n s ,  w h ile  r e t a i n i n g  t h e i r  o r d e r  i n  t h e  s t a c k ,  We do t h i s  by 
p o p p in g  eac h  c o n d i t io n  from  th e  c o n d i t io n  s t a c k  u n t i l  t h e  s t a c k  r e tu r n s  
a  " f a i l "  s t a t u s , i n d i c a t i n g  t h a t  i s  em pty ( t h e r e  m ust b e  a t  l e a s t  one 
c o n d i t i o n ) ,  e v a lu a t in g  e a c h  c o n d i t io n  a s  i t  i s  p o p p e d , and th e n  e n q u eu e in g  
th e  v a lu e s  so  t h a t  t h e  o r d e r  i s  r e t a in e d .
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Wlion a c o n d i t i o n  i s  popped  from  th e  c o n d i t io n  s t a c k ,  t h e  a p p r o p r ia te  
c o n d i t io n  e v a lu a t io n  p r o c e d u re  i s  in v o k e d , w h ich  th e n  p o p s t h e  num ber o f  
c o n d i t io n  o p e ra n d s  f i x e d  f o r  t h a t  p ro c e d u re  from  th e  c o n d i t io n  o p e ra n d  
s t a c k .  T h ese  o p e ra n d s  m u st th e n  b e  f i x e d :  t h e  p r o c e s s  i s  d e s c r ib e d  be low .
Once th e  c o n d i t i o n  o p e ra n d s  h a v e  be en  popped  and  f i x e d ,  t h e  c o n d i t io n  m ust 
b e  e v a lu a te d .  T h is  i s  a  p r o c e s s  t h a t  r a t h e r  dep en d s on  how th e  c o n d i t io n  
i s  d e f in e d ,  b u t  we w i l l  rem a rk  t h a t  when a c o n d i t io n  f i x e s  an  o p e ra n d  and 
r e c e iv e s  a  v e c t o r ,  i t  w i l l  th e n  u s e  any  s c a l a r  o p e ra n d  a s  a  v e c t o r ,  by 
s im p ly  f i l l i n g  a  v e c t o r  o f  t h e  g iv e n  le n g th  w i th  t h e  s c a l a r  v a lu e ,  and  
r e t u r n  a  v e c to r  r e s u l t  (w h ich  w i l l  c o n ta in  a s  i t s  n ' t h  e le m e n t t h e  r e s u l t  
o f  t h e  c o n d i t i o n  o p e r a t i n g  on t h e  o p e ra n d s  i n  t h e  n ' t h  p l a c e  o f  t h e  op ­
e ra n d  v e c t o r s ) .  The r e s u l t  r e tu r n e d  by a c o n d i t io n  b e  i n  th e  r a n g e  0 - 
1 ( t o t a l l y  f a l s e  t o  t o t a l l y  t r u e ,  r e s p e c t i v e l y ) .
As th e  c o n d i t i o n s  r e t u r n  t h e i r  r e s u l t s ,  t h e  r e s u l t s  a r e  e n q u eu e d , r e a d y  
f o r  t h e  KS evaluator, w hich  u s e s  only them  and  th e  c o n te n ts  o f  t h e  o p e r ­
a t o r  s t a c k  t o  e v a lu a t e  t h e  KS.
Fixing condition  o p e ra n d s .:  To f i x  an  o p e ra n d , we a s s o c i a t e  w ith  i t  a
v a lu e  and  a t y p e .  As t r u e  v a r i a b l e s  a r e  n o t  u s e d  h e r e ,  i t  i s  a  q u e s t i o n ,  
n o t  m e re ly  o f  " in d in g  th e  a p p r o p r i a t e  p a r t  o f  a v a r i a b l e  sp a c e  and  r e ­
t r i e v i n g  a  v a lu e ,  b u t  o f  d e te r m in in g  th e  ty p e  o f  t h e  o p e ra n d , and  e i t h e r  
a s s o c i a t i n g  w i th  i t  t h e  f i x e d  v a lu e  a s s o c i a t e d  w i th  t h a t  name i n  t h a t  
t y p e ,  o r  r e t r i e v i n g  t h e  r e g io n  num ber, s e t  o f  r e g io n s  o r  num ber a s s o c i a t e d  
w ith  i t .  We h a v e  f o u r  ty p e s  a t  p r e s e n t :  q u a l i f i e r s ,  r e g io n  n u m b e rs , 
nu m b ers , and  sy s te m  p r i m i t i v e s .
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A q u a l i f i e r  i s  a  member o f  t h e  s e t  VERY, QUITE, DK, QUITEN, VERYN, Q+, 
QN- 1 , and  i s  a s s o c i a t e d  w i th  a c o n s ta n t  v a lu e  o r  r a n g e  o f  v a lu e s ,  d e ­
p e n d in g  on w h at <ji t i e r  i t  i s .  T h is  v a lu e  i s  t h e n  com pared t o  a v a lfie  
w i th in  t h e  e o n d i t i o . i ,  f o r  t h e  c o n d i t io n  t o  r e t u r n  a  one ( t o t a l l y  t r u e )  
o r  a z e r o  ( t o t a l l y  f a l s a )  v a lu e .
A r e g io n  num ber i s  d e f in e d  e i t h e r  a s  CENTRE, w h ic h  r e c o v e r s  t h e  r e g io n  
w i th  w h ich  t h e ' sy s te m  i s  d e a l in g  a t  t h e  tim e  i t  i s  e n c o u n te re d , o r  an 
i n t e g e r  w i th  an  "R" p r e c e d in g  t h e  f i r s t  d i g i t ,  w h ic h  w i l l  r e c o v e r  e i t h e r  
t h e  e n t i r e  c o d e , s t a r t i n g  w i t h  t h e  r e g io n  o c c u p y in g  th e  p la c e  i n  t h e  code 
r e f e r r e d  t o  b y  th e  num ber, o r  a  f l a g  t h a t  w i l l  f o r c e  t h e  c o n d i t io n  to  
e v a lu a te  a s  z e r o  ( t o t a l l y  f a l s e ) ,  if t h e  num ber i s  g r e a t e r  th a n  th e  le n g th  
o f  t h e  c o d e . As th e  co d e  s t a r t s  w i th  an  a r b i t r a r y  n e ig h b o u r , i t  i s  
m e a n in g le s s  t o  r e f e r  t o  t h e  f i r s t  r e g io n  i n  t h e  c o d e , b u t  a s  t h e  sy s te m  
d o e s  n o t  t h e r e a f t e r  r o t a t e  t h e  c o d e , we c a n ,  u s in g  t h i s  schem e, r e f e r  f o r  
exam p le  t o  a l l  p a i r s  o f  n e ig h b o u rs  s e p a r a t e d  b y  a t  l e a s t  tw o o th e r  
n e ig h b o u rs ,  w h ich  we w ou ld  e x p re s s  a s  R1 and  R4. T h is  le a d s  t o  t h e  p o in t  
t h a t  c o n d i t io n s  o f t e n  r e t u r n  v e c t o r ,  r a t h e r  t h a n  s c a l a r  v a lu e s ,  a s  th e y
QUITEN => q u i t e  I
QN- => q u i t e  n o t  o r  l e s s  
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a r c  e v a lu a te d  f o r  a s e t  o f  r e g io n s  from  th e  n e ig h b o u r  c o d e . At t h i s  
s t a g e ,  t h e  v e c to r s  w i l l  a lw ays h av e  th e  same le n g th ,  a s  we a r e  do n o t  y e t  
ad low m ore, th a n  o n e  r e g i t n ' s  n e ig h b o u r  code t o  b e  r e f e r r e d  t o  in  a KS: 
th e  scalars a r e  th e n  exp an d e d  t o  a v e c to r  w ith  t h i s  le n g th ,  and  th e  w ho le  
KS e v a lu a te d  f o r  c o n d i t i o n s  w h ich  a r e  v e c t o r s .  The KS e v a lu a to r  w i l l  
r e t u r n  e i t h e r  t h e  v e c to r  v a lu e  o f  t h e  KS, o r  t h e  maximum s c a l a r  v a lu e ,  
d e p en d in g  on  how i t  i s  in v o k e d .
The num ber ty p e  c o n s i s t s  o f  i n t e g e r s  w i th o u t  p r e f i x e s ,  w h ich  a r e  e v a lu a te d  
a s  t h e  i n t e g e r  g iv e n ;  t h e s e  o p e ra n d s  a l lo w  th e  i n s p e c t io n  o f ,  f o r  ex am p le , 
th e  num ber o f  n e ig h b o u rs  a  g iv e n  r e g io n  h a s .
I t  m ust b e  s e e n  t h a t  a  sy s te m  p r i m i t i v e  i s  i n  no way th e  same a s  an  a b ­
s o lu t e  p r i m i t i v e  ( f o r  w h ic h  we h a v e  u se d  th e  w ord  p r i m i t i v e ) ,  a s  an  a b ­
s o l u t e  p r i m i t i v e  i s  d e f in e d  by  th e  r u l e  b a s e ,  and  a  sy s te m  p r im i t i v e  may 
b e  e i t h e r  an  a b s o lu t e  p r i m i t i v e ,  o r  a  c o m p o s ite  f o r  w h ich  a  m a tch  h a s  be en  
fo u n d . A sy s te m  p r i m i t i v e  o p e ra n d  r e f e r s  t o  th e  s e t  o f  m a tch e s t h a t  h av e  
b e e n  fo u n d  f o r  t h e  sy s te m  p r im i t i v e  named a s  t h e  o p e ra n d . As th e  p ro p o se d
a lg o r i th m  f o r  c h a in in g  fo rw a rd  t o  a c h ie v e  th e  m ain  sy s te m  g o a l  h a s  n o t  
b e en  .im p lem e n te d , and h e n c e  no  c o n d i t io n  r e q u i r e s  sy s te m  p r im i t i v e  o p e r ­
a n d s , t h e  d e t a i l s  o f  t h e i r  u s e  h av e  n o t  be en  f u l l y  t e s t e d .  The i n t e n t i o n  
i s ,  h o w ev e r, a s  f o l lo w s :
System  p r i m i t i v e  o p e ra n d s  w i l l  r e f e r  t o  s e t s  o f  r e g io n s ,  and  th e  c o n d i­
t i o n s  u s in g  t h e s e  o p e ra n d s  w i l l  h a v e  t o  b e  h a n d le d  a s  su c h . Thus th e  
c o n d i t i o n  w i l l  ho v e  t o  b e  e v a lu a te d  f o r  a l l  a v a i l a b l e  a l t e r n a t i v e s  f o r  
th e  o p e ra n d s  s p e c i f i e d .  I t  was in te n d e d  t o  im p lem en t t h i s  f b r  t h e  p r o ­
to ty p e  s im p ly  by  s e t t i n g  up a s t r u c t u r e  w h ich  w ould  h o ld  t h e  c u r r e n t
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c a n d id a te s  f o r  a l l  sy s te m  p r im i t i v e s  r e f e r r e d  t o  w i th in  a KS, lo a d in g  t h a t  
KS from  th e  sy s te m  s t r u c t u r e  l i s t ,  and  e v a lu a t in g  th e  KS. T h is  p r o c e s s  
w ould  b e  p e rfo rm e d  f o r  e a c h  l e g a l  s e t  o f  c u r r e n t  c a n d td s . t e s .
E valuating  th e  r u l e . : The r u l e  e v a lu a to r  u s e s  a  te c h n iq u e  t h a t  i s  v e s te d
i n  o u r  i n s i s t e n c e  on  p o s t - f i x  n o t a t i o n  and a d e f in e d  num ber o f  o p e ra n d s  
f o r  e a c h  l o g i c a l  o p e r a t o r . We w i l l  d i s c u s s  t h i s  i n  te rm s  o f  s c a l a r s  o n ly ,  
a l th o u g h  th e  te c h n iq u e  e x te n d s  v e ry  s im p ly  t o  v e c to r s ,  m e re ly  b y  p e r ­
fo rm in g  o p e r a t i o n s  on  t h e  v e c to r s  e le m e n t- b y -e le m e n t ,  a n d  s t o r i n g  and  
r e t r i e v i n g  them  a s  v e c t o r s .  (E le m e n ts  i n  v e c to r s  w i l l  n o t  h a v e  t o  b e  
s t o r e d  in  d i f f e r e n t  p a r t s  o f  t h e  te m p o ra ry  d a t a  s t r u c t u r e  u s e d :  t h a t  i s ,  
s to r a g e  and r e t r i e v a l  n e e d  n o t  b e  p e rfo rm e d  e le r a e n t - b y -e le m e n t . )  We w i l l  
f i r s t  d i s c u s s  t h e  o p e r a t i o n s  u s e d .
When th e  t r u t h  v a lu e  i s  d e f in e d  a s  a member o f  a  ra n g e  o f  n u m b e rs ,  r a t h e r  
th a n  a s  one  o f  tw o , we m ust d e f in e  f u n c t i o n s  on  i t  t o  r e p r e s e n t  t h e  l o g ­
i c a l  o p e r a t o r s .  As we h a v e  a c c e p te d  D ubo is  and  P r u d e 's  sy s te m  ( ) ,  we 
m ust a c c e p t  t h e i r  f u n c t i o n s .  T h u s , g iv e n  tw o p r o p o s i t i o n s ,  T  and  R , we
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( (T  R) OR) TRUTHVALUE = MAX((T)TRUTHVALUE,(R)T«UTHVALOE)
T he t r u t h  v a lu e  o f  (T R)AND a s :
( (T  R)AND)TRUTHVALUE =  MIN((T)TRUTHVALUE,(R)TRUTHVALUE)
The t r u t h  v a lu e  o f  (T)NOT a s :
( (T)NOT)TRUTHVAIAJE = 1- (T)TRUTHVALUE
And f o r  any  p r o p o s i t i o n  S ,
0 <= (S)TRUTHVALUE <= 1
u s in g  p o s t - f i x  n o t a t i o n  f o r  t y p e s e t t i n g  s i m p l i c i t y .  (F o r  f u r t h e r  i n f o r ­
m a tio n , and  a j u s t i f i c a t i o n  o f  t h e s e  f u n c t i o n s ,  s e e  t h e  r e f e r e n c e . )
The a lg o r i th m  u s e d  t o  e v a lu a t e  t h e  KS i s  t h e n  q u i t e  s im p le ,  and  r e l i e s  
on t h e  s t a c k  o r d e r ,  and  on c a r e f u l  u s e  o f - a  te m p o ra ry  d a td  s t r u c t u r e .  
T he d a t a  s t r u c t u r e  i s  a tw o -d im e n S io n a l a r r a y ,  w h ic h  i s  tw o e le m e n ts  w id e , 
and  w hose  d e p th  d e f in e s  t h e  l i m i t  t o  w h ich  unm atched  l e f t  p a r e n th e s e s  may 
b e  e n c o u n te re d  i n  t h e  p r o c e s s  o f  e v a lu a t io n .  (T h a t i s ,  i f  we g n coun 'jd r 
20 l e f t  p a r e n th e s e s  d u r in g  o u r  e v a lu a t io n  befo re  we s e e  a r i g h t  p a re n ­
t h e s i s ,  t h e  s t r u c t u r e  m ust b e  20 d e e p ) .  The e v a lu a t io n  p ro c e e d s  a s  f o l -
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• The te m p o ra ry  d a t a  s t r u c t u r e  ( c a l l e d  tem p) i s  i n i t i a l i s e d  t o  a l l  
dummy v a l u e s ,  and  th e  b r a c k e t  c o u n te r  i s  s e t  t o  z e r o .  The f i r s t  
o c c u p a n t o f  th e  o p e r a to r  s ta c k " " is  now p o pped .
•  I f  t h e  o p e r a to r  s t a c k  i s  em p ty , t h e r e  c an  b e  o n ly  one  c o n d i t io n ,  
and  t h e  v a lu e  o f  t h e  c o n d i t io n  a t  t h e  h e ad  o f  t h e  queue  i s  t h e  
v a lu e  o f  t h e  r u l e .
•  I f  a  " ( "  i s  p o p p e d , t h e  b r a c k e t  c o u n te r  in c re m e n ts ,  and  th e  n e x t  
o p e r a to r  i s  p o p p e d .
•  I f  f o l lo w in g  a  a  " ) "  i s  p o p p e d , and  th e n  an o p e r a to r  to k e n
( e i t h e r  " A " ," 0 "  o r  " N " ) , we know t h a t  we may d e queue  e i t h e r  one 
( f o r  "N") o r  tw o ( f o r  "A" o r  ”0 " )  v a l u e s ,  and com bine  them  a c ­
c o rd in g  t o  t h e  o p e r a to r  p o p p e d . The r e s u l t a n t  v a lu e  i s  th e n  
s to r e d .
•  To s t o r e  a  v a lu e ,  we in s p e c t  t h e  f i r s t  l o c a t i o n  i n  tem p a t  t h e  
c u r r e n t  b r a c k e t  d e p th ;  i f  t h i s  c o n ta in s  a  non-dummy v a lu e ,  we 
i n s p e c t  t h e  s e c o n d . I f  n e i t h e r  c o n ta in s  a  dummy v a lu e ,  so m e th in g  
h a s  g one  w ro n g , a n d  th e  te c h n iq u e  f a i l s .  I f  th e  f i r s t  c o n ta in s  
a  dummy, we s t o r e  o u r  v a lu e  i n  i t ;  i f  i t  d o e s n ’t ,  and  th e  se co n d  
d o e s ,  we s t o r e  o u r  v a lu e  i n  t h e  s e c o n d .
•  I f  i n s t e a d  o f  p o p p in g  th e  se q u e r .. s " < o p e r a to r> " , we pop
o n ly  " ) "  " < o p e r a to r> " ,  im p ly in g  t h a t  a t  l e a s t  one  o p e r a to r  h as  
be en  e v a lu a t e d ,  we m ust in s p e c t  tem p f o r  o p e ra n d s . I f  th e  f i r s t ' 
l o c a t i o n  a t  t h e  c u r r e n t  b r a c k e t  d e p th  p lu s  o n e , c o n ta in s  a  dummy
. v a lu e ,  we f a i l .  I f  t h i s  l o c a t i o n  c o n ta in s  a r e a l  v a lu e ,  b u t  th e
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se co n d  lo c a t i o n  a t  t h i s  d e p th  c o n ta in s  s  dummy v a lu e ,  « e  u s e  tb s  
v a lu e  i n  t h e  f i r s t  l o c a t i o n  and a s i n g l e  dequeued  v a lu e  ( i f  we 
n e e d  a se c o n d  v a lu e )  a s  t h e  o p e ra n d s , and  e v a lu a t e  t h e  o p e ra to r  
and s t o r e  th e  r e s u l t  in th e  fashion d e s c r ib e d  a b o v e . I f  t h e  
s e co n d  lo c a t i o n  a l s o  c o n ta in s  a  r e a l  v a lu e ,  t h e  tw o v a lu e s  i n  
temp a r e  u s e d  a s  o p e ra n d s  f o r  t h e  o p e r a to r  ( i f  t h e  o p e r a to r  i s  
a  tw o -o p e ra n d  o p e r a to r :  i f  i t  i s  a  o n e -o p e ra n d  o p e r a to r ,  we m ust 
f a i l )  a n d  th e  r e s u l t s  a r e  s to r e d  a s  d e s c r ib e d .
* We c o n t in u e  t h i s  p r o c e s s  u n t i l  t h e  o p e r a to r  s t a c k  i s  em p ty , o r  
u n t i l  t h e  a lg o r i th m  f a i l s  a s  a  r e s u l t  o f  an anom alous tem p o r  
i n s u f f i c i e n t  qu e u ed  o p e ra n d s , b o th  o f  w h ich  c o n d i t io n s  a re  
c a u se d  by  KS s y n ta x  e r r o r s .  We w i l l  th e n  f i n d  th e  v a lu e  o f  t h e  
KS i n  t h e  f i r s t  l o c a t i o n  i n  tem p a t  b r a c k e t  l e v e l  z e r o .
A lth o u g h  th e  a lg o r i th m  so u n d s  com plex , f i g u r e  8 w i l l  i n d i c a t e  how sim p le  
i t  r e a l l y  i s .  I t s  s u s c e s s  i s  b a s e d  on t h e  s t r u c t u r e  o f  t h e  K S 's ,  w hich  
was c a r e f u l l y  d e s ig n e d  f o r  an  a lg o r i th m  o f  t h i s  t y p e .  As lo n g  a s  th e  KS 
s y n ta x  i s  c o r r e c t ,  t h e  a lg o r i th m  w o rk s .
We h a v e  d e s c r ib e d  i n  d e t a i l  how th e  sy s te m  e v a lu a te s  a  KS; we w i l l  now 
d i s c u s s  how th e  sy s te m  f a c t o r s  a g o a l .
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( ( C l  c :1)/ ' (V i
We h a v e  now s e e n  ( )A . X hus, we d e queue  tw o o p e ra n d s  
a n d  fo rm  V I.V 2 , w hich  g o e s  i n t o  th e  f i r s t  p l a c e  in  
tem p a t  l e v e l  3 .
FIGURE To I l l u s t r a t e  E v a l u a t i n g  a  KS,
i l l ) '  6:  ),u|. ( 
St.0)1 7 : pi,]) ) 
Step 8 : _pop A We h a v e  se en  ( )A, and  a r e  a s  b e f o r e  ^ e n t i t l e d  t o  dequi 
tw o o p e ra n d s ,  and  form  V 3.V 4, w hich  g o e s  I n t o  th e  
se c o n d  l o c a t i o n  a t  l e v e l  3 in  tem p.
O p e r a to r  s t a c k ( th e  queue  i s  em p ty )
S te p  9 :  pop ) B r ■= 2
S te p  1 0 : pop O He l a v e  popped  ) 0 ,  and  m u s t I n s p e c t  temp a t  a  l e v e l
o n e  d e e p e r  th a n  th e  b r a c k e t  d e p th  t o  f i n d  o u t  w hat 
s h o u ld  b e  done a b o u t  o p e ra n d s , We f i n d  b o th  l o c a t i o n s  
o c c u p ie d ,  a n d  h e n ce  m u s t u s e  t h e i r  o c c u p a n ts .  We 
fo rm  V I.V 2+V 3.V 4, and  s t o r e  i t  i n  th e  f i r s t  l o c a t i o n  
in  temp a t  t h e  b r a c k e t  d e p th .
V l.V 2-tV 3.V 4 D
S te p  1 1  z pop ) B r = 1 ‘
S te p  12 : pop  N And a g a in ,  we m u st i n s p e c t  temp f o r  o p e ra n d s .  T h ere  i s
o n e ,  a n d  we r e q u i r e  o n ly  o n e , so  we form  V1.V 2+V3.V 4, and 
p l a c e  i t  in  th e  f i r s t  l o c a t i o n  a t  th e  b r a c k e t  d e p th .
S te p  13 : The o p e r a to r  s t a c k  i s  e m p ty , s o  we i n s p e c t  tem p , a .id  f i n  o u r  r e s u l t  
w here  we e x p e c te d  i t .  B r i s  a g a in  1 ,  so  we may t e r m in a t e  " h a p p y " -
FIGURE 8  : To I l l u s t r a t e  E v a l u a t in g  a KS. P a r t  2
How the prototype factors a goal.
T he p r o to ty p e  u s e s  some te c h n iq u e s  p o p u la r  i n  t h e  c u r r e n t  A r t i f i c i a l  I n ­
t e l l i g e n c e  l i t e r a t u r e :  t h i s  b lo c k ,  f o r  e x am p le , u s e s  a  te c h n iq u e  known 
a s  backw ard  c h a in in g ,  w h ic h  r e a l l y  d e s e r v e s  d e s c r i p t i o n  o n ly  b e c a u s e  t h e  
la n g u a g e  i n  w h ic h  th e  p r o to ty p e  was im p lem en ted  d o e s n o t  a l lo w  r e c u r s i o n ,  
and  some in g e n u i ty  was r e q u i r e d  t o  g e t  t h e  p r o to ty p e  t o  c h a in  b ack w ard . 
We w i l l  b r i e f l y  d e s c r ib e  t h e  a lg o r i th m  t h a t  t h e  sy s te m  u s e s .
When we r e q u i r e  t h e  sy s te m  t o  f a c t o r  a  g o a l ,  we a r e  r e q u i r in g  i t  t o  r e c o rd  
a l l  K S 's  n e c e s s a r y  t o  d e s c r ib e  t h e  g o a l  c o m p le te ly  i n  te rm s  o n ly  o f  
p r i m i t i v e s  and  c o n d i t io n s  on  p r i m i t i v e s .  T h u s , any  r e f e r e n c e  t o  an  o b je c t  
m u st b e  a b l e  t o  b e  r e s o l v e d  i n t o  a  s e t  o f  r e l a t i o n s h i p s  d e f in e d  on p r im ­
i t i v e s ;  t h e  r e l a t i o n s h i p s  and  th e  d e s c r i p t i o n s  o f  th e  p r i m i t i v e s  m ust h av e  
b e e n  s to r e d .  O nly  K S 's  d e s c r ib in g  th e  s t r u c t u r e s  o f  c o m p o s ite s  a r e  s to r e d  
i n  a n y th in g  l i k e  t h e i r  o r i g i n a l  fo rm : KS's d e s c r ib in g  p r i m i t i v e s  a r e  d e ­
com posed , end  t h e  d e s c r i p t i o n s  a r e  s to r e d  in  t h e  p r i m i t i v e  l i s t ,  and  l a t e r  
i n  t h e  sy s te m  p r i m i t i v e  l i s t .
A c h ie v in g  t h i s  i s  r e l a t i v e l y  s im p le .  ^We do i t  a s  f o l lo w s :
•  The sy s te m  c o m p o s ite  l i s t  i s  i n i t i a l i s e d  w i th  th e  m ain  sy s te m  
g o a l  a s  i t s  o n ly  member. '
• When f g o a l  i s  in v o k e d , t h e  a c t i o n  f i e l d  o f  th e  XS t h a t  h as  be en  
p a s s e d  t o  i t ,  i s  i n s p e c t e d .  I f  t h e  name t h a t  a p p e a rs  t h e r e ,  does 
n o t  a p p e a r  i n  t h e  sy s te m  c o m p o s ite  l i s t ,  th e n  th e  KS i s  ig n o red ,, 
and  f g o a l  t e r m in a t e s .
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t l i s t ,I f  t h e  name d o c s , ho w ev e r, a p p e a r  d 
t h e  p a ra m e te r  o f  th e  name i s  exam ined ; i f  1 
p r i m i t i v e ,  i t  i s  i n s p e c t e d  and  th e  desc  
p r im i t i v e  l i s t .  I f  i t  d e s c r ib e s  a 
com posed , and  th e  members o f  t h e  i 
e n t e r e d  i n  t h e  sy s te m  c o m p o s ite  l i s t ,  
a p p e a r  t h e r e .  ( O b je c ts  may a p p e a r  i r  
o n ly  a s  t h e  o p e ra n d s  o f  r e l a t i o n s h i p s ,  w hich  e x p la in s  why th e  
c o n d i t i o n  o p e ra n d  s t a c k  i s  s e a r c h e d . )  The c o n d i t io n  o p e ra n d  
s t a c k  i s  s e a r c h e d ,  b u t  i t s  members a r e  n o t  pop p e d ; t h i s  i s  so  
t h a t  a t  t h i s  s t a g e ,  a l l  t h r e e  s t a c k s  g e n e r a te d  by  t h e  KS may b e  
e n te r e d  i n t o  t h e  sy s te m  s t r u c t u r e  l i s t  a s  a  r e c o rd  u n d e r  th e  name 
o f  t h e  o b j e c t .  W hethe r t h e  o b j e c t  d e s c r ib e d  i s  a p r i m i t i v e  o r  
a c o m p o s i te ,  i t s  name i s  now rem oved from  th e  sy s te m  c o m p o s ite
•  T h is  p r o c e s s  c o n t in u e s  u n t i l  th e  sy s te m  c o m p o s ite  l i s t  i s  em p ty , 
when th e  g o a l  h a s  b e e n  i l l y  f a c to r e d .
A lth o u g h  no c h e c k s  h av e  b e e n  im p lem en ted  i n  t h e  p r o to ty p e ,  i t  i s  e a sy  
enough t o  s e e  t h a t  i f  t h e  e n t i r e  k n o w ^ d g e  b a s e  f o r  t h e  b lo c k  f g o a l  h a s  
b e e n  c o n s u l te d ,  and  th e  sy s te m  c o m p o s ite  l i s t  i s  u n c h an g e d , th e  g o a l 
c a n n o t b e  f a c to r e d .  T h is  w ould  b e  c a u se d  e i t h e r  by a  s p e l l i n g  e r r o r ,  o r  
by  an i n s u f f i c i e n t  k now ledge  b a s e .
T h is  a lg o r i th m  h a r d ly  r e q u i r e s  f u r t h e r  comment; we w i l l  n o t  d i s c u s s  i t  
f u r t h e r ,  and w i l l  move t o  a  d i s c u s s io n  o f  how th e  sy s te m  g e n e r a te s  and 
t e s t s  m erges.
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How the system generates and tests merges.
The " g e n e r a te  and  t e s t "  te c h n iq u e  i s  a l s o  w e l l  known in  th e  A r t i f i c i a l  
I n t e l l i g e n c e  l i t e r a t u r e ,  and  we h av e  u se d  a v r y  much s i m p l i f i e d  v e r s i o n  
b y  l i m i t i n g  t h e  s c o p e  o f  b o th  m erge  g e n e r a t i o n  and  m erge t e s t i n g .  M erges 
a r e  g e n e r a te d  o n ly  up  t o  t h e  p r i m i t i v e  l e v e l ;  a f t e r  t h a t ,  t h e  m erges r e ­
s u l t  from  fo rw a rd  c h a in in g  th r o u g h  th e  s t r u c t u r a l  d e s c r ip t i o n .
The "m erge  g e n e r a t e "  d u t i e s  l i e  s o l e l y  w i th  t h e  know ledge b a s e :  K S 's  i n ­
form  th e  g tm e r  b lo c k  w h ic h  r e g io n s  s h o u ld  b e  t e s t e d  w i th  a  v iew  t o  m erg ­
ing-. The p r o c e s s  im p lem e n te d  i n  t h e  p r e s e n t  sy s te m  i s  e x tre m e ly  s im p le ,  
and g o e s  as f o l lo w s :
•  The b lo c k  e v a lu a t e s  K S 's  and r e c o r d s  th o s e  c a n d id a te s  recom ­
mended f o r  m e rg in g  by K S 's  w h ic h  e v a lu a t e  t o  g r e a t e r  t h a n  0 ,7 5
t r u e  ( t h i s  f i g u r e  i s  p u r e ly  a r b i t r a r y )  and  c o n tin u e s  t o - d o  so
u n t i l  i t  h a s  e v a lu a te d  a l l  K S 's  r e l e v a n t  t o  i t  f o r  a l l  r e g io n s  
i n  t h e  p i c t u r e .  T h is  i s  u n w ie ld y , g r a n te d ,  b u t  t h e  sy s te m  i s  a 
p r o to ty p e .
’e‘
•  When th e  e v a lu a to r  i s  s a t i s f i e d ,  a l l  m erge c a n d id a te s  a r e  r e ­
c o v e r e d , and  th e  v a lu e s  t h a t  w o r ld  r e s u l t  f o r  t e x t u r e ,  a v e ra g e  
g r e y  l e v e l  and  c e n t r e  o f  g r a v i t y  f o r  t h e  C a n d id a te  r e g io n ,  a r e  
f o u n d . (T h ese  p a ra m e te r s  a r e  n o t  c la im e d  t o  bo th e  b e s t  f o r  
t e s t i n g  a  m e rg e .)
A t t h i s  s t a g e ,  we t e s t  o n ly  t h a t  t h e  new a v e ra g e  g r e y  l e v e l  and 
t e x t u r e  a r e  t h e  same a s  th o s e  o f  t h e  m erge c a n d id a te s ,  b u t  i t
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i s  in te n d e d  t h a t  the* p r im i t i v e  l i s t  b e  c o n s u l te d  t o  a llo w  more 
s o p h i s t i c a t e d ,  g o a l - d i r e c t e d  m e rg in g . I f  t h e  r e s u l t s  a re  s a t ­
i s f a c t o r y ,  t h e  c a n d id a te s  rem a in  in  t h e  m erge l i s t .
•  The m erge  l i s t  i s  th e n  p a s s e d  t o  t h e  n e ig h b o u r-c o tie  m erg ing
s e c t i o n ,  and th e  p i c t u r e  r e p r e s e n t a t i o n  i s  u p d a te d  a c c o rd in g ly .
A lth o u g h  t h i s  seg m en t o f  t h e  p r o to ty p e  i s  s t i l l  e x tre m e ly  p r i m i t i v e , • i t
/
i s  a  seg m en t t h a t  w i l l  a l lo w  g r e a t  e x p a n s io n  a s  i t  i s  h e r e  t h a t  t h e  u s e  
o f  a c t i v e  k now ledge’ c o u ld  b e  s e e n  t o  b e  p r o d u c t i v e .  The i n t e n t i o n  w ould 
b e  t o  add  t o  t h e  g e n e r a te  s t a g e ' s  l i s t  o f  c a n d id a te  r e g io n s  th o s e  r e g io n s  
t h a t  s t r u c t u r e  i n d i c a t e s  may w e l l  b e  m erged  t o  form  a  m is s in g  p r i m i t i v e .  
The t e s t  s t a g e  w ou ld  b e  i n s t r u c t e d  t o  b e  l e n i e n t  i n  i t s  t e s t i n g  o f  t h e s e  
c a n d id a t e s ,  and  s h o u ld  a l s o  p a s s  o u t  in f o r m a tio n  i n d i c a t i n g  how "good" a  
m erge  i s  p e rfo rm e d  u n d e r  t h e s e  c o n d i t io n s .
The suggestions d e s c r ib e d  ab o v e  w ould le n d  g r e a t  pow er t o  t h e  sy s te m , b u t  
a r e  f a r  t o o  s o p h i s t i c a t e d  t o  h av e  be en  im p lem en ted  i n  t h e  p r e s e n t  p r o to ­
ty p e .  We w i l l  d i s c u s s  n e x t  how th e  p r o to ty p e  f i n d s  a  g o a l  i n  a  p i c t u r e .
A c t iv e  know ledge was m e n tio n e d  in  t h e  in t r o d u c t io n  a s  a c o n c e p t i n ­
tr o d u c e d  a s  f a r  a s  I  can  s e e , 'b y  F re u d e r  i n  h i s  1976 t h e s i s .  The id e a  
i s  t h a t  i f  o n e  h a s  fo und  p a r t  o f  an o b j e c t ,  one  h a s  a good id e a ’ off 
w h e re  t o  lo o k  f o r  t h e  r e s t  o f  i t .
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F in d in g  th e  g o a l .
The f i r s t  p o i n t  t o  n o te  h e r e  i s  t h a t  t h i s  s e c t i o n  o f  th e  p r o to ty p e  h a s  
n o t  y e t  b e en  im p lem e n te d 6 ; t h u s ,  th e 'a lg o r i t h m  d e s c r ib e d  h a s  n e i t h e r  be en  
t e s t e d ,  n o r  d e e p ly  e x am in e d , and  p o t e n t i a l  im p le m e n ta tio n  d i f f i c u l t i e s  
h a v e  n o t  y e t  becom e a p p a r e n t .
The p r o c e s s  t h a t  w ould  h a v e  b e e n  u se d  i s  a n o th e r  one f a m i l i a r  i n  t h e  A r­
t i f i c i a l  I n t e l l i g e n c e  l i t e r a t u r e ,  t h a t  o f  fo rw a rd  c h a in in g .-  T h is  w ould 
h av e  be en  d i r e c t e d  to w a rd  f i n d in g  th e  m ain  sy s te m  g o a l ,  g iv e n  th e  l o c a t i o n  
o f  t h e  p r i m i t i v e s .  F o r  t h e  p r o c e s s  t o  s t a r t ,  m a tch es o u s t  a l r e a d y  h av e  
b e e n  fo u n d  f o r  a l l  members o f  t h e  sy s te m  p r im i t i v e  l i s t .  We in te n d  th e  
p r o c e s s  t o  f o l lo w  t h e s e  s t e p s :
•  The s t r u c t u r a l  p r i m i t i v e  l i s t  h a s  be en  i n i t i a l i s e d  w i th  t h e  
nam es o f  t h e  a b s o lu t e  p r i m i t i v e s ;  i t  now c o n ta in s  (b e c a u s e  t h e s e  
p r i m i t i v e s  h a v e  b e e n  m a tc h e d ) ,  a g a in s t  eac h  name a  l i s t  o f  t h e  
r e g io n  num bers w h ic h  m a tch  t h a t  p r i m i t i v e .  The g o a l f i n d e r  m ust 
now f i n d  in  t h e  sy s te m  s t r u c t u r e  l i s t  a  d e s c r ip t i o n  o f  an  o b j e c t ,
T h is  was a s  a  r e s u l t  o f  p io b le m s  w ith  t im e , and th e  f a c t  t h a t  t h e  
' ‘t e c h n iq u e  o f  r u n n in g  b lo c k s  a s  se g m en ts  t o  f i t  them  i n t o  t h e  32K s p a c e ' 
a l lo w e d , was f a i l i n g :  t h e  se g m en ts  th e m se lv e s  w ere  g e t t i n g  t o o  b ig .  
Any im p le m e n ta tio n  o f  t h e  a lg o r i th m  d e s c r ib e d  w ould have  e n d ed  up i n  
t h e  g tm e r  se g m e n t , w h ich  s im p ly  had  no sp a ce  l e f t ,  and  a m a jo r  
r e - a r r a n g e m e n t o f  t h e  p r o t o t y p e 's  s t r u c t u r e  w ould  h av e  be en  n e c e s -
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w hich  i s  d e s c r ib e d  o n ly  i n  te rm s  o f  r e l a t i o n s h i p s  be tw een  mem­
b e r s  o f  t h e  s t r u c t u r a l  p r im i t i v e  l i s t .  I f  su c h  a d e s c r ip t i o n  
c a n n o t b e  fo u n d , t h e  g o a l  c a n n o t  b e  f o u n d , and th e  sy s te m  f a i l s .
•  A d a t a  s t r u c t u r e  i s  s e t  u p , w h ich  c o n ta in s  an  o r d e r in g  o f  th e  
sy s te m  p r im i t i v e s  r e q u i r e d  f o r  t h e  o b j e c t  t o  b e  fo u n d , r e c a l l i n g  
t h s t  LEG1 and LEG2, f o r  e x am p le , r e f e r  t o  d i s t i n c t  l e g s ,  and  m ust 
t h e r e f o r e  b e  m a tched  t o  d i s t i n c t  r e g i o n s ,
• "I’h e  r u l e  i s  e v a lu a te d  f o r  t h i s  o r d e r in g :  i f  i t  i s  s u c c e s s f u l ,  
t h e  name o f  t h e  o b j e c t  i s  dem oted  t o  t h e  s t r u c t u r a l  p r im i t i v e  
l i s t ,  i f  i t  i s  n o t  t h e r e  a l r e a d y ,  and  th e  m a tch in g  s e t  i s  e n te r e d  
a g a in s t  i t .  T f i t  i s  u n s u c c e s s f u l ,  n o th in g  i s  done .
•  A new o r d e r in g  o f  t h e  p r i m i t i v e s  i s  now t r i e d ,  and  th e  p r o c e s s  
c o n t in u e s  e i t h e r  u n t i l  t h e  sy s te m  f a i l s  a s  a  r e s u l t  o f  b e in g  
u n a b le  t o  f i n d  s  KS which is i n  terms only of members o f  th e  
sy s te m  p r i m i t i v e  l i s t ,  o r  u n t i l  t h e  s t r u c t u r e  l i s t  i s  em p ty , in  
w h ich  c a s e  t h e  sy s te m  h a s  fo u n d  th e  g o a l .
I t  c an  b e  s e e n  t h a t  t h i s  i s  a  s im p le  t e c h n iq u e ,  and t h a t  i t  i s  i n  a  f a i r l y  
p r im i t i v e  f o r a ,  b u t  t h a t  i t  W il l  a l lo w  o f  e x p a n s io n , and c o u ld  w e l l  become 
p o w e r f u l»
The f i r s t  n e c e s s i t y  f o r  th e  te c h n iq u e  t o  becom e t r u l y  p o w e r fu l w ould b e  
t h e  p e rf o rm in g  o f  some form  o f  s e n s i t i v i t y  a n a ly s i s  on th e  KS, t o  d e t e r ­
m ine w h ich  p r i m i t i v e s  w ere  a b s o lu t e ly  n e c e s s a r y  f o r  t h e  KS t o  e v a lu a te  
a s  t r u e .  A t t h i s  s t a g e ,  n o t  b e in g  a b le  t o  m a tch  a l l  a b s o lu t e  p r im i t i v e s  
i s  f a t a l ;  w i th  a  more s o p h i s t i c a t e d  s 'y stem , t h e  c o n c e p t o f  a c t i v e  know­
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le d g e  may be  em ployed  t o  a l lo w  m ore l e n i e n t  c l a s s i f i c a t i o n  o f  r e g io n s  t h a t  
a p p e a r  i n  t h e  r i g h t  p l a c e  f o r  p r i m i t i v e s ,  b u t  h a v e  n o t  be en  s o  c l a s s i f i e d .  
T h u s , f o r  a  p o w e r fu l  sy s te m , we n e e d  some fo rm  o f  tw o-w ay in f o r m a tio n  flo w  
be tw een  g tm e r  and  t h i s  se g m en t , a l lo w in g  eac h  b lo c k  t o  r e c o n s id e r  I t s  
d e c i s i o n s  i n  t h e  l i g h t  o f  new e v id e n c e  u n c o v e re d  by  th e  o th e r  b lo c k .  T h is  
f r e e r  f lo w  o f  i n f o r m a t io n  w i l l  r e q u i r e  a  g r e a t  d e a l  o f  w ork  t o  im p lem e n t, 
b u t  s h o u ld  g e n e r a t e  a  sy s te m  o f  enorm ous pow er a n d  c o n s id e r a b le  p o t e n t i a l .
CONCLUSION.
I n  t h e  above d i s c u s s i o n s ,  we h a v e  shown t h e  d e s ig n  o f  a  p r o to ty p e  sy s te m  
in te n d e d  t o  show t h e  f e a s i b i l i t y  and  d e s i r a b i l i t y  o f  b u i ld i n g  t h e  sy s te m  
d e s c r ib e d  i n  t h e  c h a p te r  on th e  new p a ra d ig m . Many o f  t h e s e  d e s ig n  d e ­
c i s io n s  w ere  ta k e n  d u r in g  th e  b u i ld i n g  o f  t h e  s y s te m , a l th o u g h  th e  m a jo r  
s t r u c t u r e  o f  t h e  d e s ig n  had  b e e n  s k e tc h e d  o u t  b e fo r e h a n d . As i t  i s ,  t h e  
d e s ig n  h a s  p ro d u c e d  a  sy s te m  w h ic h  w orks t o  t h e  e x t e n t  o f  s t i m u la t in g  
c u r i o s i t y ,  and  i n  my v ie w , one  w h ic h  h a s  r a i s e d  m ore q u e s t io n s  th a n  i t  
h a s  a n sw e red . Some o f  t h e  more i n t e r e s t i n g  o n e s a r e  n o te d  be low :
•  How c an  in e x a c t  know ledge b e  h a n d le d  in  a  s y s te -  o f  t h i s  k in d  ?
♦ How c an  a c t i v e  know ledge d e p lo y e d  r e a l l y  e f f e c t i v e l y  ?
■' We h av e  d e s c r ib e d  fo rw a rd  c h a in in g  t o  t h e  g o a l . Can t h i s  b e  made
t o  w ork  w e l l  w i th  an in f o r m a tio n  in te r c h a n g e  b e tw een  t h i s  b lo c k ,  
and th e  g e n e r a t e  and t e s t  m erge b lo c k  ?
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• J u s t  whaL l e v e l  o f  e x p l i c i t  know ledge i s  n e c e s s a r y  i n  t h i s  s y s ­
tem ? Do we ne ed  t o  d e f in e  different "knowledge languages" & ith  
d i f f e r e n t  c a p a c i t i e s  f o r  d i f f e r e n t  b lo c k s , t o  any g r e a t e r  e x te n t  
th a n  we h av e  done a l r e a d y  ?
•  W il l  e  l a r g e  s e t  o f  m e rg in g  K S 's  m anage e l l  c l a s s e s  o f  p i c t u r e s ,  
o r  o u s t  s e t s  o f  m erge  K S 's  w h ich  a r e  p o t e n t i a l l y  c o n t r a d i c to r y ,  . 
b e  a s s o c i a t e d  w i th  d i f f e r e n t  c l a s s e s  o f  p i c t u r e s  ?
• W hatever t h e  a n sw e r t o  t h e  p r e v io u s  q u e s t io n ,  how c an  th e s e  KS’ s 
b e  d is c o v e r e d  ?
T h ese  a r e  among th e  m a jo r  i s s u e s  r a i s e d  by th e  d e s ig n ,  and p r o v id e  g ro u n d  
f o r  e x t e n s i v e  r e s e a r c h .
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THE IMPLEMENTATION OF THE PROTOTYPE.
As we h av e  b r i e f l y  m e n tio n e d  th e  s e g m e n ta t io n  o f  t h e  c o d e , t h e  la n g u a g e  
o f  im p le m e n ta tio n  and  th e  sy s te m  on  w h ic h  th e  sy s te m  was im p lem e n te d , we 
w i l l  n o t  d i s c u s s  t h e s e  i s s u e s  a g a in .  We w i l l  d i s c u s s  th e  way in  w hich  
th e  p r o to ty p e  was im p lem e n te d  in  te rm s  o f  t h e  d a t a  s t r u c t u r e s ,  t h e  e r r o r  
h a n d l in g ,  t h e  te c h n iq u e s  u s e d  t o  code t h e  sy s te m , and  th e  co d e  g e n e r a te d .
THE DATA STRUCTURES.
As we h av e  s t a t e d  a b o v e , t h e  sy s te m  d a ta  s t r u c t u r e s  w ere  c oded  a s  p r o c e ­
d u r e s ,  w ith  th e  d a t a  in t h e  o r i g i n a l  im p le m e n ta tio n  b e in g  l o c a l  t o  th e  
p r o c e d u re ;  o p e r a to r s  and  d a t a  w ere  t h e n  p a s s e d  i n  and o u t  o f  t h e  s t r u c ­
t u r e s  a s  p a ra m e te r s  f o r  t h e s e  p r o c e d u re s .  We h av e  s a id  above  t h a t  tw o 
c a t e g o r i e s  o f  d a t a  a r e  r e c o g n is e d :  sy s te m  d a t a ,  w h ich  a r e  r e q u i r e d  e i t h e r  
by m ore th a n  one  KAB, o r  by one  KAB on m ore th a n  o n e  o c c a s io n ,  and s im p le  
d a t a ,  w h ich  e x i s t  l o c a l  t o  a  b lo c k .
System  d a ta  had  t o  b e  p la c e d  in  a common b lo c k  d e c la r e d  i n  t h e  lo a d e r ,  
a s  w e l l  a s  i n  t h e  b lo c k ,  a s  t h e  HP-1000 when i t  lo a d e d  a  se g m en t , o v e r ­
w ro te  t h e  p r e v io u s  s e g m e n t 's  l o c a l  d a t a  s p a c e ,  w h ich  was n o t  r e s t o r e d  when 
th e  p r e v io u s  seg m en t was r e lo a d e d ;  o n ly  d a ta  common w i th  t h e  lo a d e r  w ere  
s a f e .  T h is  s i t u a t i o n  i s  n o t  i d e a l  from  a  s o f tw a r e  e n g in e e r in g  
p o in t - o f - v i e w ,  and le 'd  t o  an am ount o f  d e b u g g in g  t h a t  w ould o th e rw is e  have
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been  u n n e c e s s a r y ,  c au se d  by e r r o r s  su c h  as m is sp e lt , common b lo c k  nam es, 
and i n a p p r o p r i a t e  a c c e s s  t o  s t r u c t u r e s .  The c o m p ile r  u se d  s to r e d  common 
b lo c k s  c o n t ig u o u s ly ,  w ith no run-tim er1 bound  check ing  on accesses  to  
s u b sc r ip te d  v a r iab le s . T h is  c r e a t e d  an a p p a l l i n g  o v e rh e a d  i n  debu g g in g : 
a b o u t 75% o f  t h e  e r r o r s  fo u n d , w ould  h av e  b e e n  found  and r e j e c t e d  by  a 
la n g u a g e  t h a t  c h e c k e d  bounds on  s u b s c r i p t e d  v a r i a b l e s  a t  ru n  t im e .
S im p le  d a t a  d id  n o t  i n  g e n e r a l  p r e s e n t  su c h  p ro b le m s . T h ese  d a t a  ( f o r  
exam p le  t h e  s t a c k s  g e n e r a te d  by  a r u l e  when i t  was b e in g  e v a lu a te d )  w ere  
m ore t r a c t a b l e ,  l a r g e l y  a s  no m o d if ic a t io n s  h a d  t o  b e  made t o  p ro c e d u re s  
u s in g  s im p le  d a t a ,  when th e  code had  t o  b e  se g m en ted .
D ata  s t r u c t u r e s  w ere  c oded  t o  r e t u r n ,  d e p e n d in g  on th e  d a t a  s t r u c t u r e ,  
p a ra m e te r s  o t h e r  th a n  th e  d a t a  r e q u e s te d .  I n  a p p e n d ix  I ,  w here  th e  su b ­
r o u t in e s  t h a t  c o m p rise  t h e  sy s te m  a r e  i n d iv i d u a l l y  d e s c r ib e d ,  we have 
docum en ted  t h e  m eaning  o f  r e tu r n e d  p a ra m e te r s .
ERROR HANDLING. v .
T he e r r o r  h a n d l in g  p r o v id e d  i n  t h e  im p le m e n ta tio n  i s  s im p le ,  b u t  i t . h a s  
p ro v e d  e f f e c t i v e  a t  t h i s  l e v e l  o f  im p le m e n ta t io n . E ach r o u t in e  i s  r e ­
q u i r e d  t o  r e t u r n  a p a ra m e te r  w hich  i n d i c a t e s  w h e th e r  i t  h a s  be en  s u c ­
c e s s f u l  o r  w h e th e r  i t  h a s  f a i l e d ;  i n  g e n e r a l ,  i f  a  r o u t i n e  f a i l s ,  th e  
sy s te m  m ust f a i l ,  a l th o u g h  th e r e  a r e  e x c e p t io n s .
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When a rc -u tin c  d e t e c t s  a c o n d i t io n  a s  a r e s u l t  o f  w hich i t  w i l l  f a i l ,  i t  
w i l l  w r i t e  a m essage  t o  th e  o u tp u t  d e v ic e  d e s c r ib in g  th e  f a i l u r e  and i t s  
so u r c e  ( th e  num ber o f  t h e  c u r r e n t  K S ). I t  w i l l  th e n  s e t  i t s  s t a t u s  p a ­
r a m e te r  t o  z e r o ,  and  w i l l  t e r m in a t e ,  by g o in g  t o  th e  s ta te m e n t  num bered 
"70"  (70  was c h o sen  f o r  no p a r t i c u l a r  r e a s o n ) . H ence, i n  any  r o u t i n e ,  
"g o to  70" m eans t h a t  t h a t  r o u t i n e  s h o u ld  f a i l  and t e r m in a t e .  A r o u t i n e  
t h a t  c a l l s  a  r o u t i n e  t h a t  t h e n  f a i l s ,  w i l l  i t s e l f  f a i l ,  u n le s s  t h e  e r r o r  
i s  one  o f  t h e  s m a ll  c l a s s  o f  n o n - r a t a l  e r r o r s  t h a t  w i l l  b e  d e s c r ib e d .  
T h u s , t h e  f a i l u r e  o f  a n y  one  r o u t i n e  c a u s e s  a  c h a in  o f  f a i l u r e s , u n t i l  
t h e  lo a d e r  i t s e l f  f a i l s .  I n  m ost c a s e s ,  e r r o r s  w i l l  b e  r e p o r t e d  a lo n g  
th e  c h a in ,  and  o n e  e r r o r  may g e n e r a t e  a c h a in  o f  e r r o r  m e ssa g es .
N o n - f a ta l  e r r o r s  a r e :
* An a t te m p t t o  pop  from  an  em pty c o n d i t io n  s t a c k ,  i f  a t  l e a s t  one  
c o n d i t io n  h a s  a l r e a d y  b e e n  popped  ( t h i s  means t h a t  we have  
e v a lu a te d  a l l  o u r  c o n d i t i o n s ,  and  m ust move to  th e  n e x t  p h a se  
o f  e v a lu a t in g  th e  K S).
♦ An a t te m p t t o  a c c e s s  in f o r m a t io n  a b o u t t h e  n ' t h  r e g io n  o f  a 
r e g i o n 's  n e ig h b o u r  c o d e , w h en v - th a t r e g io n  h a s  f ew er  th a n  n 
n e ig h b o u rs  ( t h i s  w i l l  r e t u r n  a  s t a t u s  v a lu e  t h a t  f o r c e s  th e  
c o n d i t io n  v a lu e  t o  z e r o ) .
T h ese  e r r o r - h a n d l in g  te c h n iq u e s  h a v e  so  f a r  p ro v ed  a d eq u a te  t o  th e  n e ed s  
o f  d e b u g g in g  th e  p r e s e n t  s im p le  k now ledge  b a s e .
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CODING TECHNIQUES USED FOR BUILDING THE PROTOTYPE SYSTEM.
The sy s te m  was b u i? t  on sound  s o f tw a r e  e n g in e e r in g  p r i n c i p l e s .  D ata  
s t r u c t u r e s  w ere  " h id d e n "  from  h i g h e r - l e v e l 'p r o c e d u r e s ,  by u s in g  t h e  a p ­
p r o a c h  d e s c r ib e d .  The c o d e  i t s e l f  was s t r u c t u r e d ,  a l th o u g h  i n  some p r o ­
c e d u r e s  t h e  s t r u c t u r e _ i s  m essy , l a r g e l y  a s  a  r e s u l t  o f  th e  p r a c t i c e  o f  
p u t t i n g  " f i x e s "  i n ,  w ith o u t  p e rfo rm in g  any r e v i s io n s  t o  r e g a in  s t r u c t u r a l  
e le g a n c e .  A l l  r o u t in e s  a r e  r e q u i r e d  t o  i n d i c a t e  w h e th e r  th e y  h a v e  f a i l e d  
o r  su c c e e d e d  a n d , a l th o u g h  one  may a rg u e  t h a t  i t  i s  p o s s ib l e  f o r  6  r o u t i n e  
t o  b e  u n a b le ,  by v i r t u e  o f  i t s  f a i l i n g ,  t o  r e p o r t  t h a t  i t  h a s  f a i l e d ,  t h e  
te c h n iq u e  w orks w e l l  enough in  p r a c t i c e .
The la n g u ag e  u s e d  was s t a n d a r d  FORTRAN 77 w i th  two e x c e p t io n s .  We h av e
• An o p t io n  p r o v id e d  by  H e w le t t-P a c k a rd  t h a t  a llo w s  one  t o  f o rc e
th e  c o m p ile r  t o  demand e x p l i c i t  t y p in g  on a l l  v a r i a b l e s ,  w h ich
t o  a  v e ry  la r g e  e x t e n t  s i m p l i f i e s  d e b u g g in g .
•  A r o u t in e  s p e c i f i c  t o  t h e  HP-1000 was u se d  w hich  r e c o v e r s  a  p a ­
ra m e te r  l i s t  w h ich  i s  g iv e n  when th e  p rog ram  i s  r u n . This m eant
t h a t  t h e  o u tp u t  d e v ic e  c o u ld  b e  s p e c i f i e d  a t  r u n t im e , by p a s s in g  
t  t h e  p ro g ra m , in  t h e  i n v o c a t i o n ,  t h e  number o f  t h e  d e v ic e  t o  
w hich  th e  o u tp u t  s h o u ld  b e  d i r e c t e d .
The DO WHILE s ta te m e n t ,  a l th o u g h  s ta n d a r d  t o  FORTRAN 77 , was n o t  u se d ; 
t h e  s t r u c t u r e  shown below  was u se d  in s t e a ’d , l a r g e l y 'a s  1 d id  n o t  r e a l i s e  
u n t i l  t o o  l a t e ,  t h a t  FORTRAN 77 p r o v id e d  t h i s  s ta te m e n t .
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a aa  CONTINUE
IF  ( in v e r s e  c o n d i t io n )  GOTO bbb
( s t a r t  o f  b lo c k )
( )
(end  o f  b lo c k )
GOTO a aa  
bbb  CONTINUE
L o g ic a l  v a r i a b l e s  w ere  n o t  u s e d , a s  a r e s u l t  o f  a c o m p ile r  bug  t h a t  made 
t h e i r  b e h a v io u r  u n p r e d ic t a b l e .  I n s t e a d ,  a l l  v a r i a b l e s  w h ich  w ere  i n ­
te n d e d  t o  b e  o f  t h e  l o g i c a l  ty p e  w ere  d e c la r e d  a s  INTEGER*2 ( a s  opposed  
t o  INTEGER; t h i s  a s s o c i a t e s  w i th  t h e  c l a s s  o f  v a r i a b l e  a  u n iq u e  ty p e ,  
m aking  c h an g e s  t o  t h e i r  d e c l a r a t i o n  s im p le )  and th e n  a s s ig n e d  e i t h e r  z e r o  
( f a l s e )  o r  one  ( t r u e )  a s  n e c e s s a r y .
The cod ing - te c h n iq u e s  u s e d  w ere  f a i r l y  s ta n d a r d ;  t h e  code t h a t  was g e n ­
e r a t e d  i s  a w e  . . i n t e r e s t i n g .
THE CODE.
T he p r o to ty p e  sy s te m  was coded  a s  a  la r g e  s e t  o f  s u b r o u t in e s ,  w hich  a re  
i n d i v i d u a l l y  d e s c r ib e d  i n  a p p en d ix  I .  T h is  te c h n iq u e  a llo w e d  se g m en ta ­
t i o n  to be im p lem en ted  e a s i l y  when i t  was r e q u i r e d ,  and le d  t o  a sy s te m  
from  w h ich  s im p le r  su b sy s tem s  c o u ld  b e  c lo n e d .
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U sing  t-licsc te c l i n jq u c s ,  somt' 4300 H n e s  wero w r i t i e i j ,  t o  iraplBmcnL th e  
p r o to ty p e  d e s c r ib e d  a b o v e , w i th  th e  e x c e p tio n  o f  t h e  s e c t i o n  o f  g tm e r  t h a t  
c h a in s  fo rw a rd  th ro u g h  t h e  sy s te m  s t r u c t u r e  l i s t  t o  f i n d  th e  main sy s te m  
g o a l .  T h is  co d e  i s  p r e s e n t e d ,  in  i t s  seg m en ted  fo rm , i n  a p p e n d ix  I I I ,  
k i t h '  c o m p ile r  r e p o r t s  and th e  lo a d  map. I t  can  b e  s e e n  w hen c e r t a i n  
s u b r o u t in e s  a r e  i n s p e c t e d  ( " s t r l i s V ,  t h e  sy s te m  s t r u c t u r e  l i s t ,  f o r  e x ­
a m p le ) ,  t h a t  t h e r e  a r e  s e c t i o n s  o f  co d e  t h a t  a r e  n o t  u se d  by th e  sy s te m  
a s  i t  i s  a t  p r e s e n t .  T h ese  a r e  f o r  t h e  u s e  o f  t h e  s e c t i o n  t h a t  was n o t  
im p lem en ted .
T he a lg o r i th m s  u se d  a r e  d e s c r ib e d  in  "The D es ig n  o f  t h e  P r o to ty p e  S ystem " 
and th e  n e ig h b o u r-c o d e  m erg ing  te c h n iq u e s  i n  "N e ig h b o u r C o d e s" . The code  
im p lem e n ts  t h e s e  a lg o r i th m s  c o r r e c t l y ,  a s  f a r  a s  I  c an  s e e .  The p r o to ty p e  
h a s  b e e n  t e s t e d  su c h  t h a t  t h e  p r e s e n t  v e r s io n  h a s  p ro d u ce d  no  e r r o r s  when 
r e q u i r e d  t o  d e a l  w i th  K S 's  o f  d i f f e r e n t  ty p e s  i n  d i f f e r e n t  b lo c k s .  T e s t in g  
does n o t  a llo w  one  t o  c e r t i f y  a sy s te m  e r r o r - f r e e ,  b u t  a l l  e r r o r s  e n ­
c o u n te r e d  h av e  been  d e a l t - w i th ,  and I  h av e  s e e n  n o  e r r o r s  from  th e  p r e s e n t  
v e r s i o n  in  a  num ber o f  t e s t s .
CONCLUSION.
T he im p le m e n ta tio n  o f  t h e  p r o to ty p e  h a s  be en  d e s c r ib e d .  We h a v e  d is c u s s e d  
th e  i s s u e s  and  te c h n iq u e s  in v o lv e d , r a t h e r  th a n  th e  d e t a i l s  o f  t h e  co d e. 
The s y s te m , i t  i s  c la im e d , w o rk s , and r e s u l t s  w i l l  be g iv e n  and d is c u s s e d  
i n  t h e  f o l lo w in g  c h a p te r .
THE IMPLEMENTATION OF THE PROTOTYPE.
I n  t h i s  c h a p te r ,  r e s u l t s  o b ta in e d  from  w ork in  t h i s  pa ra d ig m  w i l l  b e  d e ­
s c r i b e d .  We w i l l  a t te m p t t o  show t h a t  th e y  e n c o u ra g e  th e  u n d e r ta k in g  o f  
f u r t h e r  w ork in  t h i s  p a ra d ig m . The r e s u l t s  a r e  o f  two ty p e s ; th o s e  o b ­
t a i n e d  w i th in  t h e  p a ra d ig m , b u t  n o t  a s  a r e s u l t  o f  t h e  u s e  o f  t h e  sy s te m  
d e s c r ib e d  a b o v e , and  th e  r e s u l t s  o b ta in e d  by p r o to ty p in g  t h i s  sy s te m . 
T he fo rm e r  a r e  m ore d i r e c t l y  e n c o u ra g in g .
RESULTS OBTAINED WITHIN THE PARADIGM.
We h a v e  d is c u s s e d  above t h e  w ork on th e  p a r t i c l e - s i z e  d i s t r i b u t i o n  a n a ­
ly s e r .  I t  i s  n o t  im m e d ia te ly  o b v io u s  t h a t  t h i s  i s  w i th in  t h e  s c o p e  o f  
t h e  p a ra d ig m  o f f e r e d ,  b u t  i t  c an  b e  s e e n  t h a t  th e  p i c t u r e '  i s  b e in g  h a n d le d  
in  te rm s  o f  r e g io n s ,  and  t h a t  th e  p r o c e s s  i s  k n o w le d g e-g u id ed , a l th o u g h  
th e  know ledge u se d  i s  n o t  e x p l i c i t .  T h is  w ork has g e n e r a te d  some prom ­
i s i n g  r e s u l t s .
T he p h o to g ra p h s  p r o v id e d  a s  f i g u r e  11 show th e  q u a l i t y  o f  p i c t u r e  ta k e n  
on D e e lk r a a l  g o ld  m in e , w h ile  d a ta  w ere  b e in g  c o l l e c t e d  f o r  t h i s  p r o j e c t .  
T h ese  p i c t u r e s  a r e  h a r d ly  c o m p re h e n s ib le ,  b u t  show g o ld  o r e  on  a co n v ey o r 
b e l t ,  The o re  i s  b e in g  conveyed  to  a m i l l ,  and has n o t  been  c ru s h e d .  
The p ro b lem  p o se d  by  th e  l a r g e  q u a n t i t y  o f  a d so rb e d  f i n e  p a r t i c l e s  can 
b e  s e e n  to  b e  c o n s id e r a b le .
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I t  can  a l s o  b e  se en  t h a t  tl i c  p r o to ty p e  o f  th e  p a r t i c l e - s i z e  d i s t r i b u t i o n  
a n a ly s e r  (PSDA) h a n d le s  t h e  p ro b lem  f a i r l y  w e l l ,  a s  i t  h a s  seg m en ted  th e  
p i c t u r e ,  d e s p i t e  i t s  q u a l i t y ,  i n to  r e g io n s  and h a s  m erged th o s e  r e g io n s  
s e n s ib ly .  The PSDA h a s  be en  s e e n  t o  h a n d le  many su c h  p i c t u r e s ;  th e  
te c h n iq u e s  i t  u s e s  a r e  c l o s e l y  l in k e d  t o  t h e  i d e a s  d e s c r ib e d  a b o v e , w i th  
th e  e x c e p tio n  t h a t  t h e y  a r e  i n  g e n e r a l  more d e e p ly  embedded in  th e  
s t r u c t u r e  o f  t h e  sy s te m . T h u s , th e  PSDA f in d s  t h e  p a r t i c l e s  i n  t h e  p i c ­
t u r e  by :
1 . S egm en ting  t h e  p i c t u r e  i n t o  r e g io n s .
2 . M erg ing  t h e s e  r e g io n s  a c c o rd in g  t o  th e  r u l e s  d e v is e d .
3 . G oing o v e r  t h e  m erged  p i c t u r e  t o  undo th o s e  m erges w h ic h  h av e  
le d  t o  r e g io n s  o f  a s u s p e c t  s h a p e , ( e . g .  h o u r g la s s - s h a p e d  r e ­
g io n s  a r e  n o t  e n co u rag e d )
T h is  te c h n iq u e  i s  r e d o le n t  o f  t h e  i d e a s  t h a t  m o t iv a te  th e  p a ra d ig m  p r e ­
s e n t e d ,  o f  a  k n o w le d g e -g u id e d  p r o c e s s ,  and  o f  a c t i v e  k now ledge. T hese  
id e a s  h av e  be en  b a s i c  t o  t h e  w ork done b o th  by  t h i s  a u th o r  and  by  B e rg e r ,  
who h a s  o b ta in e d  t h e s e  r e c e n t  r e s u l t s ’  w i th  t h e  PSDA. The p o in t  h e r e  i s  
t h a t  t h e s e  id e a s  c an  le a d  t o  u s e f u l  w ork ing  s y s te m s .
P The PSDA was d e v e lo p e d  u s in g  r e g io n s  a s  t h e  f e a t u r e  f i r s t  e x t r a c t e d ,  a f t e r  
i t  b e c a m e 'a p p a re n t  t h a t  t h e y  w ould b e  t h e  s im p le s t  f e a tu r e  t o  w ork  w ith .  
(T he p r o c e s s  d e s c r ib e d  above  w ould  b e  f a r  m ore cumbersome i f  ed g es w ere 
t o  b e  e x t r a c t e d . )  T h u s , t h i s  w ork can  b e  c la im e d  t o  b e  w i th in  th e  
p a ra d ig m  p ro p o se d  on t h i s  C ount a s  w e l l ,  and i t s  p r e s e n t  a p p a r e n t  s u c c e s s  
c an  b e  u se d  t o  s t r e n g th e n  th e  j u s t i f i c a t i o n  f o r  t h e  "parad igm .
RESULTS.
K1G 9  : The above  phoLograpl- 
The lo p  ph o lo i’n ip h  i s ' o t  th e  
th e  tiC G ini'n iiition a r r i v e d  a t  I
is show th e  r e s u l t s  oi! th e  PCDA w ork , 
p i c t u r e  ta k e n  on th e  m in e : th e  bo ttom  
jy  th e  PSDA.
RESULTS OBTAINED BY PROTOTYPING THE SYSTEM.
I  c a n n o t  c la im  y e t  t h a t  t h e  p r o to ty p e  i s  a n a ly s in g  s c e n e s ;  i t  f a c to r s  
*->■ I s ,  and g e n e r a t e s ,  t e s t s ,  c o n firm s  and  im p lem en ts  m erges b e tw ee n  r e ­
g io n s ,  b u t  t h e  l a t t e r  a c t i v i t y  i s  n o t  y e t  g u id e d  to w a rd  th e  p r im i t i v e s  
r e q u i r e d ,  o r  to w a rd  f in d in g  an o b je c t  i n  t h e  p i c t u r e .  We w i l l  show h e re  
o u t,. rom th e  sy s te m  a s  i t '  expands a g o a l ,  and m erges r e g io n s ,  a l th o u g h  
th e  m e rg in g  i s  n o t  g o a l - d i r e c t e d .
R e fe r  t o  f i g u r e  10 , w hich  shows th e  know ledge  b a s e  on w h ich  th e  sy s te m  
o p e r a te s  i n  t h i s  exam p le . I t  c o n s i s t s  o f  12 K S 's ,  th e  1 2 't b  of w hich  is 
n o t  u s e d ,  a s  th e  KAB f i n i s h  h a s  n o t  be en  im p lem e n te d , w ith  th e  r e s u l t  t h a t  
t h e  sy s te m  w i l l  c y c le  e n d le s s ly  th ro u g h  th e  r u l e  b a s e ,  when i t s  t a s k s  have  
b e e n  p e rfo rm e d , a s  o p posed  t o  te r m in a t in g  c l e a n ly .  The K S 's  w i l l  b e  i n ­
t e r p r e t e d  be low .
T h ere  a r e  o n ly  tw o K S 's  w i th  " s t a r t "  i n  t h e i r  SBC f i e l d ,  and t h e i r  m eaning 
h a s  b e e n  g iv e n  a b o v e , a s  t h e  KS’ s  u se d  in  t h e  s t a r t  b lo c k  do n o t  v a ry . 
The K S 's  w i th  f g o a ls  in  t h e i r  SBC f i e l d  ‘ form  th e  d e s c r i p t i o n  o f  an e l e ­
p h a n t ,  a l th o u g h  an  a r b i t r a r y  on e . The e le p h a n t  h a s  be en  d e s c r ib e d  as 
h a v in g  f o u r  l e g s ,  tw o e y e s ,  tw o e a r s ,  and  a  t r u n k ,  w i th  no s p a t i a l  t e -
N o tic e  a p o t e n t i a l  s o u r c e  o f  c o n fu s io n  h e r e .  The t a g s  i n  t h e  SBC 
f i e l d s  f o r  f g o a l  and g tm er a r e  f g o a ls  and g tm e rg , f o r  e n t i r e l y  h i s ­
t o r i c a l  r e a s o n s ,  and c h an g in g  them w ould h av e  in v o lv e d  u n n e c e s sa ry  
c o m p le x i t ie s .
RESULTS.
l a t i o n s h i p  s p e c i f i e d  b e tw een  th e s e  p r i m i t i v e s . The d e s c r i p t i o n  may be 
t r i v i a l ,  and i n a c c u r a t e ,  b u t  i t  i s  s u f f i c i e n t  t o  i l l u s t r a t e  th e  p r o c e s s .
We h a v e  d e s c r ib e d  a l e g  a s  c o n s i s t i n g  o f  a  th ig h  on  to p  o f  a  k n ee  on  to p  
o f  a  s h in ,  and " e y e " ,  " e a r " ,  " t r u n k " ,  " t h i g h ” , " s h in "  and " k n e e "  a r e  a l l  
p r i m i t i v e s ,  w hose  d e s c r i p t i o n  a l th o u g h  o pen  t o  a rg u m e n t, i s  s u f f i c i e n t l y  
c o m p re h en s ib le  i n  t h e  KS la n g u a g e  t o  ne ed  no  f u th e r  d i s c u s s io n .  T h e re  
i s  o n ly  one r u l e  w i th  g tro erg  i n  i t s  SBC f i e l d ,  w hich  e x p re s s e s  t h e  i n ­
te n t io n  th a t-  r e g io n s  w i th  n e ig h b o u rs  w i th  t h e  same g r e y - l e v e l ,  s h o u ld  b e  
m e rg e d .to  them .
.At t h i s  s ta g e  o f  o u r  d e m o n s t r a t i o n ,  we m ust compose a p i c t u r e  and  r e n d e r  
i t  i t i to  t h e  l l e p r e s e n ta t i o n  f o r  t h e  sy s te m  t o  uses, a s  we a r e  n o t  y e t  u s in g  
t.he s o f tw a r e  e s c r ib e d  t o  B e rg e r  i n  t h e  t e x t  a b o v e , f o r  c om pu ting  n e ig h b o u r  
i:c d e s ,  b e c a u se  i t  i s  e a s i e r  t o  com pose a  p i c t u r e  t o  th e  s y s te m 's  l i k i n g  
ivt^aft.ito ta k e  o n e . The p i c t u r e  we h av e  u s e d  i s  shown w ith  t h e  r e p r e s e n ­
t a t i o n  i t : g e n e r a t e s  i n  f i g u r e  11 . The o u tp u t  o f  th e  sy s te m  f o r  t h i s  
I 'ljictui-e, -g iv e n  t h i s  know ledge  b a s e ,  i s  shown in  f i g u r e  12 . We h a v e  a n -  
\ ■itT'tatsdx th e  o u tp u t  a s  b e in g  m ore u s e f u l  i n  t h a t  fo rm , t h a n  i f  i t  w ere  
d e s c r iv n d .  V
What i s i W r t h  n o t in g  i s :  <
* Vhe sys-tern h a s  f a c to r e d  th e  g o a l  s u c o . j s f u l l y , and h a s  a  f u l l  
- :/ id e s e i r ip t io n  o f  i t  i n  te rm s  b o th  o f  p r im i t i v e s  and  o f  s t r u c t u r e .
•  The s y s te m  h a s  g e n e r a te d ,  t e s t e d ,  co n firm e d  and  im p lem en ted  
mes.'jWf; b e tw ee n  r e g io n s ,  and th e  r e s u l t s  o f  t h e s e  m erges a re  
c o r r e c t l y  r e f l e c t e d  in  t h e  r e p r e s e n t a t i o n .
RESULTS.
Thus t h e  p r o to ty p e  i s  d o in g  w hat we have  c la im e d  i t  can  do . What i s  n o t  
p e rh a p s  c l e a t  i s  why t h i s  i s  im p o r ta n t .
I t  i s  im p o r ta n t  b e c a u s e  i t  i s  £. c l e a r  i n d i c a t i o n  t h a t  a  p r o to ty p e  o f  t h i s  
n a tu r e  can  b e  s u c c e s s f u l l y  b u i l t ,  and can  b e  e x p e c te d  t o  w ork w ith  s im p le  
p i c t u r e s .  I t  i s  roost u n f o r t u n a t e  t h a t  t h e  p ro b lem s t h a t  p r e v e n te d  th e  
im p le m e n ta tio n  o f  t h e  b lo c k  t h a t  w ould h a v e  m erged  fo rw a rd  t o  t h e  m ain 
sy s te m  g o a l ,  o c c u r r e d  when th e y  d id ,  a s  t h e  s u c c e s s  o f  t h i s  b lo c k  w ould 
h av e  made th e  p r o to ty p e  a more c o n v in c in g  a rgum en t f o r  f u r t h e r  w ork to w a rd  
b u i ld i n g  a m ore s o p h i s t i c a t e d  v e r s i o n  o f  t h e  sy s te m  d e s c r ib e d ;  a s  i t  i s ,  
t h e  p r o to ty p e  i s  o p e n  t o  t h e  a rgum en t s o  o f t e n  s u c c e s s f u l  a g a in s t  w ork 
in  t h e  a r t i f i c i a l - i n t e l l i g e n c e  f i e l d ,  " S u r e ,  i t  lo o k s  good now, b u t  w hat 
h a p p en s  when i t  e n c o u n te r s  th e  r e a l  p ro b le m s? " .
T h is  i s  u n f o r t u n a t e ,  a s  t h e  a rgum en t i s  s t r o n g ,  and  a s  we h av e  s a id  a b o v e, 
t h e r e  do e x i s t  p ro b le m s f a r  h a r d e r  th a n  t h e  o n e s s o lv e d  h e r e ,  many o f  
w hich  w i l l  n o t  re s p o n d  w e l l  t o  b e in g  s id e s te p p e d .  I  m ust an sw er t h i s  
c r i t i c i s m  f r a n k l y ,  by  s a y in g  t h a t  I  am n o t  c e r t a i n  t h a t  t h e s e  p rob lem s 
may b e  s o lv e d  i n  t h a t  t h e  sy s te m  in  t h e  form  d e s c r ib e d ,  w i l l  a n a ly s e  r e a l  
s c e n e s ,  I  roust e x p re s s  m ore f a i t h  i n  t h e  p a ra d ig m  d e s c r ib e d  (T he e v id e n c e  
i n  i t s  f a v o u r  i s  s t r o n g e r . ) ,  w h ic h  n o t  o n ly  h a s  r e a s o n a b le  t e n e t s ,  b u t  
w hich  c an  a l s o  b o a s t  a  w o rk in g  system ( t h e  PSDA) d e s ig n e d  w i th in  i t .
The p r o to ty p e  c an  b e s t  b e  d e s c r ib e d  a s  p a r t  o f  an u n f in is h e d  lo n g - te rm  ;> 
e x p e r im e n t:  i t  h a s  w orked  t o  t h e  e x te n t  t h a t  i t  h a s  b e en  im p lem en ted , and 
t h i s  i n d i c a t e s  t h a t  f u r t h e r  w ork on i t  w ould  b e  f r u i t f u l .  I f  in  t h e  f u l l  
fo rm , i t  c an  be made t o  w ork on s im p le  p i c t u r e s ,  i t  w ould r e p r e s e n t  a 
s t r o n g  a rgum en t f o r  a l a r g e r  r e s e a r c h  e f f o r t  i n t o  t h e  p rob lem s r a i s e d  
h e r e ,  w ith  a v iew  t o  b u i ld i n g  an  ev en  more p o w e rfu l sy s te m . I  am u n a b le
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C O N C L U SIO N .
-k; w hat I  c an  say  L nat th e  work 
;hy i t  s h o u ld n ’t ,  and o f f e r s  hope
.We h a v e  shown r e s u l t s  from  w ork on th e  p a r t i c l e - s i z e  d i s t r i b u t i o n  a n a ­
l y s e r ,  and from  th e  p r o to ty p in g  o f  th e  sy s te m  d is c u s s e d .  The o u tp u t  o f  
t h e  sy s te m  f o r  a  g iv e n  know ledge b a s e  was show n, and  th e  p r o to ty p e  sy s te m  
c o u ld  b e  s e e n  t o  f a c t o r  a g o a l ,  and  t o  g e n e r a t e ,  t e s t ,  c o n f irm  and im ­
p le m e n t m e rg e s . T hese  r e s u l t s  do c o n f irm  t h a t  f u r t h e r  w ork in  t h i s  
p a ra d ig m  i s  j u s t i f i e d ,  b u t  do n o t  y e t  f u l l y  v a l i d a t e  th e  'sy stem  d e s ig n  
p r e s e n te d  a b o v e . T h e re  i s ,  how ever, hope f o r  t h e  d e s ig n ,  a s  a l th o u g h  i t  
h a s  n o t  b e en  v a l i d a t e d ,  th e  p r o to ty p e  s u g g e s ts  t h a t  i t  may b e . S t ro n g  
a rg u m e n ts  may s t i l l  b e  r a i s e d  a g a in s t  t h e  d e s ig n  and th e  p r o to ty p e ,  b u t  
f u r t h e r  w ork a lo n g  t h e s e  l i n e s  seem s t o  b e  j u s t i f i e d .
RESULTS.
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Region Code Are qreu lerel
1 2 1-12  4 3 0,0
2 13  4 1-1 0,0
3 1 4 Z 63,0
4 1 2 3 63,0
f ig . 11 The picture used in the example, 
with its representation.
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A new p a ra d ig m  t o  a llo w  g e n e r a l  s c e n e  a n a ly s i s  h a s  b e en  p r e s e n te d .  A 
sy s te m  h a s  b e e n  d e s ig n e d  w i th in  t h i s  p a ra d ig m , and  p r o to ty p e d  i n  a  l im i t e d  
fo rm , t o  show t h a t  t h e  p a ra d ig m  does in d e e d  s im p l i f y  t h i s  p ro b le m . The 
d e s ig n .a n d  im p le m e n ta t io n  o f  th e  p r o to ty p e  h a v e  be en  d i s c u s s e d ,  and  th e  
o u tp u t  o f  t h e  p r o to ty p e ,  o p e r a t i n g  on  a g iv e n  know ledge  b a s e ,  h a s  b e e n  
p r e s e n te d .  S u p p o r t from  o t h e r  w ork f o r  t h e  p a ra d ig m  h a s  b e e n  p r e s e n te d .
We h a v e  s a id  above  t h a t  t h i s  w ork by i t s  n a tu r e  c o u ld  n o t  y e t  d e m o n s tr a te  
th e  v a l i d i t y  o f  t h e  p a ra d ig m , o r  o f  t h e  sy s te m  d e s ig n e d  w i th in  i t ,  b u t  
m ust b e  l im i t e d  t o  show ing  t h a t  t h e r e  h av e  b e e n  no  g r o s s  e r r o r s  i n  t h e i r  
c o n s t r u c t io n ,  and  t h a t  th e y  a r e  f e a s i b l e  and  v a l i d  g o a ls  t o  w ork to w a rd . 
I  b e l i e v e  t h a t  t h i s  h a s  b e e n  d o n e , by  t h e  p r e s e n t a t i o n  b o th  o f  t h e  s u c c e s s  
o f  t h e  PSBA work., w h ic h  h a s  b e e n  show n t o  h a v e  b e e n  done w i th in  t h i s  
p a ra d ig m , and by  t-/..e r e s u l t s  o f  t h e  w ork on  th e  p r o to ty p e ,  w h ich  h a v e  be en  
e n c o u ra g in g , a s  we h a v e  show n t h a t  t h e  r e p r e s e n t a t i o n  u se d  i s  t r a c t a b l e ,  
t h a t  a p r o to ty p e  c an  b e  b u i l t  t h a t  may h a n d le  p i c t u r e s  u s in g  t h i s  r e p r e ­
s e n t a t i o n ',  and  t h a t  t h i s  p r o to ty p e  may f a c t o r  t h e  g o a l  t h a t  i t  h a s  be en  
p r e s e n te d  w i th ,  i n t o  a  form  o f  t h i s  r e p r e s e n t a t i o n .
The u n f o r t u n a te  a s p e c t  o f  t h i s  w ork  i s  i t s  n e c e s s a r y  s u p e r f i c i a l i t y ;  
v i s i o n  i s  a  h a rd  p ro b le m , b u t  i t  i s  t r y i n g  t o  b e  i n  t h e  p o s i t i o n  I  m ust 
a d o p t ,  w here  o n e  c an  s a y  o f  t h i s  w ork o n ly  t h a t  i t  p r e s e n t s  a  l i n e  o f  
a p p ro a c h  by w h ic h  th e  p ro b lem  may p o s s ib l y  b e  s o lv e d ,  and  show s t h a t  t h i s  
a p p ro a c h  h as no  g l a r i n g  e r r o r s ,  and  t h a t  s y s te m s  c an  b e  b u i l t  u s in g  i t ,  
t h a t  w ork  u n d e r  c e r t a i n  c i r c u m s ta n c e s .
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APPENDIX A. THE SUBROUTINES INVOLVED
T he s u b r o u t in e s  w i l l  b e  p r e s e n te d  one  by o n e , w i th  a l i s t  o f  t h e  r o u t in e s  
c a l l e d  by  th e  s u b r o u t in e ,  and any n e c e s s a r y  comments on th e  s u b r o u t in e .  
The v a r i a b l e s  h av e  b e e n  e x t e n s i v e ly  and  c a r e f u l l y  d e c l a r e d  in  eac h  r o u ­
t i n e ;  we w i l l  n o t  do t h i s  h e re .
Program RINT 
Calls these subroutines.
• RMPAK
• CONMAT 
CONHEAD
Comments. RINT i s  t h e  m ain  lo a d e r  p ro g ra m : i t  c o l l e c t s  th e  im age r e p ­
r e s e n t a t i o n  from  d i s k ,  and  th e n  s c h e d u le s  t h e  p rog ram  s e g m e n ts , a s  d e ­
s c r i b e d  in  t h e  t e x t .
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Program INITS
Calls these subroutines 
COMPUST
• PRML1ST 
STRLIST
Comments. INITS i s  a  se g m e n t, w h ich  i s  why i t  m ust b e  d e f in e d  as 
p ro g ra m , t h a t  i n i t i a l i s e s  th e  sy s te m  d a t a  s t r u c t u r e s  t h a t  r e q u i r e  i t .
Program START 
Calls these subroutines
• CLFIND
•  CSSETUP
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ASETUP
• APSETUP
• AHEAD 
SEGRT
C o m m en ts . START i s  t h e  segm en t t h a t  i s  r e f e r r e d  t o  above a s  th e  s t a r t  
b lo c k .  START m ust e v a lu a te  KS’ s ,  and h e n ce  c o n ta in s  m ost o f  t h e  KS 
e v a lu a t io n  and  a c t io n  c o d e , w hich  i s  p r e s e n t  i n  a l l  KS e v a lu a t in g  r o u ­
t i n e s  . T h is  s e c t i o n  o f  s t a r t  d o e s n o th in g  b u t  c a l l  t h e  a p p r o p r i a t e  ro u -
Prcgram FGOAL
C a lls  t h e s e  s u b r o u t in e s
» L1STPG0ALS
• COMPLIST
Comments. FGOAL i s  t h e  m ain p rog ram  f o r  f a c t o r i n g  th e  m ain sy s te m  g o a l .  
FGOAL c a l l s  t h e  n e c e s s a r y  r o u t i n e s ,  b u t  d o e s l i t t l e  i t s e l f  b u t  p e rfo rm
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an e le m e n ta ry  c h ec k  on w h e th e r  th e  main sy s te m  g o a l  i s  i n  th e  know ledge 
b a s e ,  w h ich  w orks l i k e  t h i s :  I f  t h e  p r e s e n t  KS num ber i s  l e s s  th a n  th e  
num ber o f  th e  p r e v io u s  KS se e n  by FGOAL, and th e  main sy s te m  g o a l  i s  s t i l l  
i n  th e  sy s te m  c o m p o s ite  l i s t ,  th e n  we h av e  c y c le d  th ro u g h  th e  know ledge 
b a s e  w i th o u t  s e e in g  t h e  m ain  sy s te m  g o a l ,  and  i t  i s  n o t  t h e r e .
Program GTMER
Calls t h e s e  subroutines
• 6TI2F  ‘ \
•  BRHLIST
s m i s t
C o m m en ts . GTMER i s  t h e  segm en t t h a t  g e n e r a te s  and  t e s t s  m erges f o r  r e -  
g f p M . T h is  p rog ram  a g a in  s im p ly  c a l l s  t h e  a p p r o p r i a t e  r o u t i n e s :  th e  
s v ; r o u t i n e s  do th e  w ork .
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Subroutine AGET
Calls these subroutines 
• COMPLIST
Comments. AGET im p lem en ts  th e  a c t i o n  GET, w h ich  r e c o v e r s  th e  m ain sy stem  
g o a l  from  th e  o p e r a to r ,  and p u ts  i t  i n t o  t h e  sy s te m  c o m p o s ite  l i s t .
Subroutine AHEAD 
Calls these subroutines
•  MRECORD
• CHCTXT
Comments. AHEAD c a l l s  t h e  a p p r o p r i a t e  r o u t i n e  t o  im plem ent t h e  a c t io n  
d e s c r ib e d  by th e  e c t i o n  name in  t h e  KS a c t io n  f i e l d .
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Subroutine ANDSTACK
C a lls  t h e s e  s u b r o u t in e s  (NONE CALLED)
C o m m en ts . ANDSTACK im p lem ents t h e  o p e ra n d  s t a c k  ( c o n ta in s  c o n d i t io n  
nam es, n o t  c o n d i t io n  o p e ra n d  n am es).
Subroutine APSETUP
Calls these subroutines (NONE CALLED)
Comments. APSETUP r e c o v e r s  t h e  p a ra m e te r  l i s t  t h a t  i s  a s s o c i a t e d  w ith  
t h e  a c t i o n  in  t h e  a c t i o n  f i e l d  o f  t h e  c u r r e n t  KS, and r e tu r n s  i t  a s  an  
a r r a y  o f  p a ra m e te r  nam es.
Subroutine ASETUP 
Calls these subroutines
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C o m m e n ts . ASETUP r e c o v e r s  th e  a c t i o n  f i e l d  from  th e  KS, 
s t r i p p e d  o f  t h e  num ber, SBC and c o n d i t io n  f i e l d s .
Subroutine ATORSTACK
Calls these subroutines (NONE CALLED)
Cobiments. ATORSTACK im p lem e n ts  t h e  o p e r a to r  s t a c k  d e s c r ib e d  i n  t h e  m ain
Subroutine BACKE
Calls these subroutines
Comments. Same as "ROCKE" (q .v .), b u t  f o r  m em bersh ip  o f  t h e  ba ck g ro u n d
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S u b r o u t in e  B T S
Calls these subroutines (NONE CALLED)
C o m m en ts . B ts  makes a lo u d  n o is e  a t  t h e  o p e r a to r  te r m in a l  i f  t h e  sy stem
Subroutine CANDSTACK
Calls these subroutines (NONE CALLED)
Comments. CANDSTACK im p lem en ts  t h e  c o n d i t io n  o p e ra n d  s t a c k .
Subroutine CHCTXT
Calls these subroutines (NONE CALLED)
Comments. CHCTXT ch an g e s t h e  SBC t o  t h e  v a lu e  p a s s e d  i n ,  im p lem e n tin g  
th e  CHCTXT a c t io n .
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Subroutine CLEAN
Calls these subroutines (NONE CALLED)
Comments. CLEAN c le a n s  up a  n e ig h b o u r  code  a s  d e s c r ib e d  i n  
a b o v e , by  rem oving  m u l t i p l e  i n s t a n c e s  and e n d - ir o u n d  in s t a n c e s .
Subroutine CLFIND 
Calls these subroutines
Comments. CLilND f in d s  t h e  c o n d i t io n  l i s t  i n  th e  KS, and 
BTS i s  c a l l e d  i f  an  e r r o r  i s  encoun  e re d .
Subroutine CMERGE 
Calls these subroutines 
• INSTNO
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SEARCHI
Comments. CMERGE i s  u se d  to  rem ove s e t s  o f  i n t e r n a l  r e g io n s  from  th e  
co d es t h a t  a r e  a b o u t t o  b e  m erged . (S ee  t e x t  f o r  d e t a i l s . )
Subroutine COMPUST 
Calls these subroutines (NONE CALLED)
Comments. COMPLIST i s  t h e  sy s te m  c o m p o s ite  l i s t ,  m e n tio n e d  in  t h e  t e x t  
a b o v e . Names may '  M ed t o  t h i s  l i s t  o n ly  i f  th e y  do n o t  m a tch  any  name 
in  t h e  l i s t .  T. i'M< • • ■ b e  s e a r c h e d ,  and r e tu r n s  a  p a ra m e te r  t h a t  i n ­
d i c a t e s  w h e th e r  iu  - i n s  a m atch  to  t h e  p a t t e r n  s u b m it te d . The le n g th  
o f  t h e  l i s t  i s  r e tu r n e d  a s  a p a ra m e te r ,  a s  when i t  i s  em pty , t h e  sy s te m  
g o a l  h a s  b e e n  f a c to r e d .
Subroutine CONHEAD 
Calls these subroutines
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Comments. CONHEAD loads the appropriate block, and passes
S u brou tine  CONMAT
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. CONMAT t e s t s  t h e  SBC f i e l d  o f  t h e  c u r r e n t  
c u r r e n t  SBC.
Subrou tine  CSSETUP
Calls th e se  sub ro u tin e s
• ATORSTACK 
« ANDSTACK
CANDSTACK
•  REVERSE
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Comments. CSSETUP sets up the condition stacks in the fashion described
S ubrou tine  CVARFCL
Calls th e se  su b ro u tin e s
•  NUMEVAL
•  RNUMEVAL
•  QUALEVAL
C o m m en ts . CVARFCL, a s  i t s  name im p l i e s ,  i s  a  c lo n e  o f  CVARFIX, w hich  
a l lo w s  any  r e g io n  r e f e r e n c e  t o  a p p e a r  to g e th e r  w i th  CENTRE i n  a c o n d i t io n  
p a ra m e te r  l i s t .  CVARFIX w i l l  n o t  p ro d u c e  u sab l->  r e s u l t s  w ith  t h i s  ty p e  
o f  p a ra m e te r  l i s t ,  a s  i t  w as I n te n d e d  t o  b e  u se d  w i th  l i s t s  c o n s i s t i n g  
o f  a  r e g io n  r e f e r e n c e  and  any o th e r  ty p e  o f  p a ra m e te r  ( f o r  ROCK, f o r  e x ­
a m p le ) .  A maximum o f  tw o r e g io n  r e f e r e n c e s  may a p p e a r  i n  any  p a ra m e te r  
l i s t ;  i f  tw o a r e  u s e d ,  one  m ust b e  CENTRE.
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Subroutine CVARFIX
Calls th e se  sub ro u tin es
• NUMEVAL
• RNUMEVAL
•  QUALEVAL
Comments. CVARFIX f ix e s  t h e  c o n d i t io n  v a r i a b l e s  a s  d e s c r ib e d  above. 
The v a r i a b l e s  a r e  p a s s e d  in  a s  s t r i n g s ,  and  CVARFIX r e tu r n s  t h e  v a lu e s  
in  a  s e t  o f  a r r a y s ,  one  f o r  e ac h  ty p e .  T hus i f  we w ish e d  t o  f i x  t h e  p a ­
r a m e te r  s t r i n g  CENTRE, Q+, 100, t h e  a r r a y  p a s s e d  ( u v a r )  i n  w ould  c o n ta in  
a s  i t s  f i r s t  e le m e n t th e  s t r i n g  "CENTRE” , and  so  on . The f i x e d  p a ra m e te r s  
w ould  b e  r e tu r n e d  a s  f o l lo w s :  The f i r s t  p a ra m e te r  w i l l  b e  i n  r e g v a r ( l )  
( a  r e g io n  ty p e ) ,  t h e  se co n d  in  q u a lv s r ( 2 )  ( a  q u a l i f i e r ) ,  and th e  t h i r d  
i n  nu m v ar(3 ) (a  n u m b e r). T hus t y p in g  i s  p e rfo rm e d . The r o u t i n e  c a n n o t 
h a n d le  t h e  sy s te m  p r im i t i v e  ty p e  y e t .  (S ee  t h e  comment on  CVARFCL, b e fo r e  
u s in g  t h i s  r o u t i n e . )
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S ub ro u tin e  EDGE
Calls th e se  sub ro u tin es
• CANDSTACK
•  CVAKFIX
Comments. EDGE im p lem en ts  t h e  edge c o n d i t i o n ,  w h ich  h a s  one  o p e ra n d , a 
r e g io n  r e f e r e n c e ,  and r e t u r n s  t h e  v a lu e  1. i f  t h e  r e g io n  r e f e r r e d  to  i s  
a i  e d g e , and  a  0 . o th e rw is e .  As w i th  a l l  c o n d i t io n s  t h a t  u s e  a r e g io n  
r e f e r e n c e  o p e ra n d , EDGE u s e s  v e c to r  o p e ra n d s  and r e tu r n s  v e c to r  r e s u l t s .
Subrou tine  GTMERCON 
Calls th e se  su b ro u tin e s
• CLFIND
• GSSETUP
•  VECREVAL
•  ASETUP
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APSETUP
• MBROK
• NCFU1
•  HEWSTATS
C o m m e n ts . GTMERCON g e n e r a t e s ,  t e s t s ,  c o n firm s  and  im p lem en ts  m erges 
be tw ee n  r e g io n s .  The g e n e r a te  p h a se  o c c u rs  f i r s t :  a l l  K S 's  w i th  g tm erg  
i n  t h e i r  SBC f i e l d  a r e  e v a lu a te d  f o r  a l l  r e g io n s  i n  t h e  p i c t u r e .  Merge 
c a n d id a te s  a r e  re c o rd e d  on d i s k . : The t e s t  and c o n firm  p h a se  o c c u rs  n e x t .
A l l  recom m ended m erges a r e  p a s s e d  t o  MEROK, w h ich  a c c e p ts  o r  r e j e c t s  them ; 
i f  th e y  a r e  a c c e p te d ,  th e y  a r e  a u to m a t ic a l ly  c o n firm e d  by  th e  co n firm  
p h a s e , w h ich  o c c u r s  n e x t .
T he c o n f irm  p h a s e  t h e n  c a l l s  NCFUL, and  HEWSTATS to  u p d a te  t h e  r e p r e s e n ­
t a t i o n  o f  t h e  p i c t u r e .
N ote  t h a t  GTMERCON i s  in v o k e d  r a t h e r  s t r a n g e l y ,  a s  i t  s t a r t s  i n  t h e  f i r s t  
p h a s e ,  and i s  in v o k e d  o n ce  f o r  e v e ry  KS f o r  e v e ry  r e g io n ,  l e a v in g  tem po­
r a r y  r e s u l t s  e a c h  t im e .  I t  th e n  ch an g es p h a s e ,  b u t  c an  s t i l l  o n ly  e x e c u te  
when g trae r  i s  lo a d e d  by  r i n t ;  t h u s ,  i n  t h e  l a s t  two p h a s e s , i t  i s  o n ly  
in v o k e d  when a . g tm e r  KS i s  fo u n d , e x e c u te s  u n t i l  i t  d e c id e s  t o  change 
p h a s e ,  and t e r m in a t e s  l e a v in g  th e  num ber o f  th e  n e x t  p h a s e  a s  a  sy s te m  
v a r i a b l e .  T h is  may sound  com plex , b u t  i t  was i n  f a c t  th e  e a s i e s t  way I 
c o u ld  s e e  o f  g e t t i n g  t h e  r o u t i n e  t o  w ork a s  I  w a n te d  i t  t o .
Appendix A. THE SUBROUTINES INVOLVED 107
I
Subroutine INSTNO
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. INSTNO c o u n ts  t h e  number o f  i n s t a n c e s  o f  a g iv e n  r e g io n  in  
a n o th e r  r e g i o n ' s  n e ig h b o u r  co d e.
S ub ro u tin e  LGBUF
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. T h is  i s  a  H e w le tt-P a c k a rd  r o u t i n e  t h a t  e n la r g e s  t h e  d is k  
b u f f e r  a r e a .
S ubrou tine  LISTPGOALS
Calls th e s e  su b ro u tin es
•  CLFIND
• CSSETUP
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ASETUP
• NAHFINB 
COMPLIST
• STRLIST
•  PRMLEXP
C o m m en ts . LISTPGCA'uS t a k e s  a  KS, s e t s  up t h e  a p p r o p r ia te  s t a c k s  (w i th  
CSSETUP), r e t r i e v e s  t h e  name o f  t h e  o b j e c t  b e in g  d e s c r ib e d ,  and  c hecks 
i f  t h e  name i s  i n  th e  sy s te m  c o m p o s ite  l i s t .  I f  i t  i s ,  t h e  d e s c r i p t i o n  
i s  p a s s e d  t o  t h e  sy s te m  s t r u c t u r e  l i s t ,  and  th e n  t o  PRMLEXP. I f  i t  i s n ' t ,  
th e  r o u t i n e  i g n o r e s  th e  KS, and t e r m in a t e s .
Sub ro u tin e  MATCHP 
Calls th e se  su b ro u tin es  (NONE CALLED)
Comments. MATCHP m atch es a  g iv e n  s t a c k  a g a in s t  t h e  sy s te m  p r im i t i v e  l i s t  
(w hich  c o n ta in s  b o th  a b s o lu te  and sy s te m  p r i m i t i v e s )  t o  a s c e r t a i n  w h e th e r  
th e  KS w hose c o n d i t io n  o p e ra n d  s t a c k  i t  i s ,  may b e  u se d  n e x t  f o r  fo rw a rd  
c h a in in g  t o  t h e  g o a l .  I f  a l l  t h e  nam es i n  t h e  s t a c k ,  a r e  i n  t h e  p r im i t i v e  
l i s t ,  t h e  KS may b e  u se d .
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Subroutine MFROK
Calls these subroutines (NONE CALLED)
Comments. MEROK t e s t s  m e rg e s , and r e tu r n s  a f l a g  t o  a c c e p t  o r  r e j e c t
S ubrou tine  MRECORD 
Calls th e se  su b ro u tin e s  
CVARFCL
Comments. MRECORD r e c o r d s  d e t a i l s  on d is k  o f  a  m erge t h a t  h a s  b e en  r e ­
commended by  a  KS. The d e t a i l s  a r e  r e c o rd e d  on d i s k  s im p ly  b e c a u se  th e y  
w ere  i n  th e  e a r l i e s t  sy s te m  b u i l t ,  and t h i s  h a s  n o t  b e en  rem oved from  th e
S ubrou tine  NAMELIST 
Calls th e se  su b ro u tin e s  (NONE GALLED)
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C o m m e n ts . NAMELIST h o ld s  th e  p o in t e r s  f o r  s t r l i s t ,  and th e  names o f  th e  
s t r u c t u r e  r e c o r d s .  A " n e x t  p o in t e r "  f a c i l i t y  h a s  b e e n  p r o v id e d  in  t h i s
S u b ro u tin e  NAMFIND
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. NAMFIND i s  a r o u t in e  c lo n e d  from  APSETUP, t h a t  r e t r i e v e s  from  
a KS t h a t  d e s c r ib e s  an o b j e c t ,  th e  name o f  t h e  o b j e c t  d e s c r ib e d ,  and 
w h e th e r  i t  i s  a  p r im i t i v e  o r  a c o m p o s ite ,  b o th  o f  w h ich  p ie c e s  o f  i n f o r ­
m a tio n  a r e  i n  t h e  a c t i o n  f i e l d  o f  t h e  KS.
S ub ro u tin e  NCFUL
Calls th e se  sub ro u tin es
• CLEAN
•  NCMERGE
Comments. NCFUL i s  th e  c a l l i n g  r o u t in e  f o r  m erg ing  r o u t in e s  u s in g  
n e ig h b o u r  c o d e s , w hich  ch ec k s  i n  t h e  n e ig h b o u r  c r o s s  r e f e r e n c e  t a b l e
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w h e th e r  th e  r e g io n s  h a v e  be en  m erged , and  c le a n s  up th e  co d es b e f o r e  th e y  
a r e  m erged .
S ubrou tine  NCMERG 
Calls th e se  sub ro u tin es
•  . INSTNO
• ROTATE
• CMERGE
Comments. NCMERG u s e s  CMERGE t o  rem ove i n t e r n a l  r e g io n s ,  and l i n k s  th e  
n e ig h b o u r  co d es when t h i s  h a s  b e e n  d one .
S ub ro u tin e  NEWSTATS 
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. NEWSTATS c a l c u l a t e s  t h e  a v e ra g e  g r e y  l e v e l ,  g r e y  l e v e l  v a r i ­
a n c e , c e n t r e  o f  g r a v i t y ,  and  num ber o f  p i x e l s  o f  a c o m p o s ite  r e g io n  form ed 
by  a m erge .
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Subroutine NNUME
Calls th e se  su b ro u tin e s
'  CANDSTACK 
•  CVARFIX
Comments. NNUME i s  t h e  p ro c e d u re  c o rr e s p o n d in g  to  th e  c o n d i t io n  NNUli, 
w h ich  h a s  tw o c o n d i t io n  o p e ra n d s , a  r e g io n  r e f e r e n c e  and  a num ber. i f  
t h e  r e g io n  r e f e r r e d  t o  h a s  t h e  g iv e n  num ber o f  n e ig h b o u rs ,  NNUME a s s ig n s  
t h e  v e c to r  t h e  v a lu e  1. i n  t h e  c o r r e s p o n d in g  e le m e n t,  w hich  o th e rw is e  i s  
a s s ig n e d  0 . NNUM a t  p r e s e n t  i s  u s e d  w i th  o n ly  CENTRE a s  a  l e g a l  r e g io n  
r e f e r e n c e ,  f o r  s i m p l i c i t y .
Subrou tine  NUMEVAL 
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. NUMEVAL r e t u ' - s  t h e  n u m e ric a l  v a lu e  o f  a s t r i n g  o f  c h a r a c t e r s  
r e p r e s e n t in g  a  n u m b e r, f o r  e x am p le , t h e  s t r i n g  "100" i s  e v a lu a te d  t o  t h e  
num ber 100.
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Subroutine PRMLEXP
Calls th e se  sub ro u tin es
• COMPLIST
•  PRHLIST
•  ANDSTAGK
•  CANDSTACK
C o m m en ts . PRMLEXP expands t h e  p r im i t i v e  l i s t  by f a c t o r i n g  th e  m ain 
sy s te m  g o a l .  PRMLEXP i s  p a s s e d  a K S 's  c o n d i t io n  f i e l d ,  th e  name o f  t h e  
o b j e c t  d e s c r ib e d  by  th e  KS, and w h e th e r  i t  i s  a  p r im i t i v e  o r  a c o m p o s ite . 
I f  i t  i s  a  p r i m i t i v e ,  i t s  d e s c r i p t i o n  i s  p la c e d  in  t h e  p r i m i t i v e  l i s t ,  
t h e  o p e r a to r s  b e in g  ig n o r e d ,  and th e  c o n d i t io n  o p e ra n d s  b e in g  p la c e d  in  
t h e  f i e l d  f o rc e d  by th e  c o n d i t i o n .  F i e ld s  e x i s t  a t  p r e s e n t  f o r  CONCAV, 
SHAPE, TEXTUR, REFLEC and  SIZ E . T h ese  d a t a  a r e  th e n  p a s s e d  t o  t h e  p r im ­
i t i v e  l i s t .
I f  t h e  o b j e c t  i s  a  c o m p o s ite ,  a l l  th e  c o n d i t io n  o p e ra n d s  i n  i t s  d e ­
s c r i p t i o n  a r e  p a s s e d  t o  COMPLIST, w h ich  a d d s them  t o  t h e  sy s te m  c o m p o s ite  
l i s t ,  i f  th e y  a r e  n o t  t h e r e  a l r e a d y  (We e m p h as ise  t h a t  an o b je c t  may a p ­
p e a r  i n  a n o th e r  o b j e c t ' s  d e s c r i p t i o n  a s  a  c o n d i t io n  o p e r a n d .) .
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The name o f  t h e  o b j e c t  d e s c r ib e d  by t h e  KS i s  th e n  removed from  th e  sy stem  
co m p o s ite  l i s t .
S ubrou tine  PRMLIST
C a lls  t h e s e  s u b r o u t in e s  (NONE CALLED)
C o m m en ts . PRMLIST im p lem en ts  t h e  sy s te m  p r i m i t i v e  l i s t ,  w h ich  c o n ta in s  
a r e c o rd  o f  t h e  a b s o lu t e  p r im i t i v e s  e n c o u n te re d  when th e  g o a l  w as f a c ­
t o r e d .  T h is  s t r u c t u r e  may a l s o  b e  s e a r c h e d  f o r  m a tch es t o  a nam e, and 
w i l l  r e t u r n  a l i s t  o f  t h e  r e g io n  num bers t h a t  m a tch  th e  p r im i t i v e .
Subrou tine  PUTIT 
Calls th e se  su b ro u tin e s
C o m m en ts . PUTIT s t o r e s  t h e  te m p o ra ry  r e s u l t s  - .n c o u n te re d  d u r in g  r u l e  
e v a lu a t io n .  The a lg o r i th m  i s  d e s c r ib e d  i n  t h e  t e x t .
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Subroutine QUALEVAL
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. QUALEVAL r e tu r n s  a n u m e ric a l v a lu e  f o r  a q u a l i f i e r .  The 
p r e s e n t  d e f in e d  q u a l i f i e r s  a r e :  QUITE, VERY, QUITEN, VERYN, DK, Q \  QN-. 
Q+ and QN- s p e c i f y  a  ra n g e  r a t h e r  th a n  a v a lu e ,  and  a s  su c h  a r e  r e tu r n e d  
a s  n e g a t iv e  n u m b e rs , and  th e  c o n d i t io n  s u b r o u t in e s  r e c e iv e  them  i n  t h i s  
fo rm . The num bers u s e d  a r e  n o t  im p o r ta n t ,  b u t  a r e  chosen  h e r e  t o  b e  i n  
t h e  r a n g e  0 - 1  f o r  c o n v e n ie n c e , w i th  n e g a t iv e  num bers b e in g  u s e d  to  
s p e c i f y  a  r a n g e .
S ubrou tine  REVAL 
Calls th e se  su b ro u tin e s
•  VECREVAL
C o m m en ts . REVAL i s  a  h ig h e r  l e v e l  fo rm  o f  VECREVAL, and c a l l s  i t .  A 
c a l l  t o  VECREVAL w i l l  r e t u r n  t h e  v e c to r  v a lu e  o f  a KS. A c a l l  t o  REVAL 
w i l l  r e t u r n  t h e  maximum e le m e n t v a lu e  o f  th e  v e c to r  v a lu e  o f  a KS.
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S ubrou tine  REVERSE
Calls th e se  su b ro u tin e s  (HONE CALLED)
Comments. REVERSE 
K S 's).
nam es a s  n e c e s s a r y  ( s e e  t e x t  on  decom posing
S u brou tine  RMPAR
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. T h is  i s  a  H e w le tt-P a c k a rd  r  
from  th e  i n v o c a t io n  o f  t h e  p ro g ra m . I t  
o f  t h e  m ain p rog ram  t o  b e  d i r e c t e d  
"RU, H INT,25" means ru n  th e  p ro g ra i
d e v ic e s :  ;
S u brou tine  RNUMEVAL
Calls th e se  su b ro u tin e s
• NUMEVAL
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C o m m e n ts . RNUMEVAL e v a lu a te s  and r e tu r n s  t h e  r e g io n  r e f e r e n c e  v e c to r  
g e n e r a te d  by th e  r e g io n  r e f e r e n c e  o p e ra n d .
S ub ro u tin e  ROCKE
C a lls  t h e s e  s u b r o u t in e s
• CANDSTACK
•  CVARFIX
C o m m e n ts . ROCKE e v a lu a te s  t h e  " ro c k n e s s "  o f  a g iv e n  r e g io n ,  and c o r r e ­
sponds t o  t h e  c o n d i t io n  "ROCK", w h ic h  h a s  tw o o p e ra n d s , a r e g io n  r e f e r e n c e  
and a  q u a l i f i e  . i n  t h a t  o r d e r .  ROCKE r e t u r n s  a v a lu e  o f  e i t h e r  0 .  o r  
1- ,  d e p e n d in g  on W hether t h e  r e g io n  i n d i c a t e d  b e lo n g s  t o  th e  r o c k  c l a s s  
t o  t h e  d e g re e  i n d i c a t e d  by  th e  q u a l i f i e r ,  o r  n o t .  The v a lu e  i s  r e tu r n e d  
a s  a  v e c t o r ,  e a c h  member o f  w h ic h  i n d i c a t e s  th e  " ro c k n e s s "  o f  a  d i f f e r e n t  
c a n d id a te  f o r  t h e  g iv e n  r e g io n  i d e n t i f i e r  ( s e e  t e x t ) .  The le n g th  o f  th e  
v e c to r  i s  r e tu r n e d  a s  w e l l ,  b e in g  -1  f o r  an  i d e n t i f i e r  w i th  o n ly  one  
p o s s i b l e  m atch  ( l i k e  "CENTRE").
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Subroutine ROTATE
Calls th e se  su b ro u tin e s  
•  ROUND
C o m m en ts , ROTATE u s e s  ROUND to  r o t a t e  t h e  n e ig h b o u r  code u n t i l  t h e  r e ­
q u i r e d  r e g io n  (n o rm a lly  t h e  r e g i o n ' s  m erge p a r tn e r )  i s  i n  t h e  f i r s t  po ­
s i t i o n  in  t h e  co d e.
Subrou tine  ROUND
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. ROUND r o t a t e s  t h e  n e ig h b o u r  code one  p l a c e .
Subrou tine  RQUEUE
Calls th e se  su b ro u tin es  (NONE CALLED)
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Comments. RQUEUE im p lem en ts  t h e  queue  u se d  t o  ke ep  c o n d i t io n s  i n  o r d e r  
when th e y  be en  e v a lu a te d .  (S ee  t e x t  f o r  d e t a i l s . )
S u brou tine  SEARCHI 
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. SEARCHI f in d s  t h e  p o s i t i o n  o f  t h e  n e x t  o c c u r re n c e , a f t e r  a 
g iv e n  p o s i t i o n ,  o f  an  i n d ic a t e d  r e g io n  in  a  n e ig h b o u r  co d e.
S u brou tine  SEGLD
Calls th e se  su b ro u tin e s  (NONE CALLED)
Comments. SEGLD lo a d s  a  segm en t and t r a n s f e r s  c o n t r o l  t o  i t :  i t  i s  a n ­
o th e r  H e w le tt-P a c k a rd  r o u t in e .
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■t f r '  / '  :
Subi-outine SEGRT
C a lls  t h e s e  s u b r o u t in e s  (NONE CALLED)
C om m en ts '. SEGRT I s  a  H e w le tt-P a c k a rd  r o u t in e  t h a t  r e tu r n s  c o n t r o l  from  
th e  segm en t t o  th e  lo a d e r .
S ubrou tine  SIMGE
C a lls  t h e s e  s u b r o u t in e s  
» CANDSTACK 
• CVARFCL
Comments. SIMGE im p lem en ts  t h e  c o n d i t io n  SIMG, w h ich  i s  r e q u i r e d  to  have  
as  i t s  o p e ra n d s  two re g io n  r e f e r e n c e s .  A t p r e s e n t  one  o f  t h e s e  r e f e r e n c e s  
roust b e  t o  CENTRE, a s  we h a v e  n o t  made p r o v is io n  f o r  com paring  a l l  members 
o f  a s e t  in  a l l  p o s s ib l e  w ays w ith  a l l  members o f  a n o th e r  s e t .  A 1. i s  
r e tu r n e d  a s  t h e  c o n d i t io n  v a lu e  i f  t h e  g r e y  l e v e l s  a r e  s i m i l a r ,  a  0 .  i f  
th e y  a r e  n o t .
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Subroutine SiMTE
Calls th e se  sub ro u tin e s
• CANDSTACK
•  CVARFCL
Comments. SIMTE is s i m i l a r  t o  SINGE, b u t  com pares t e x t u r e s  ( g r e y - l e v e l  
v a r ia n c e )  r a t h e r  th a n  g re y  l e v e l s .
S u brou tine  STRLIST
Calls th e se  su b ro u tin e s
•  NAMELIST
•  MATCH!
Comments. STRLIST im p lem en ts  t h e  sy s te m  s t r u c t u r e  l i s t .  R e co rd s may 
b e  e n te r e d  i f  t h e i r  name d o e s n o t  a l r e a d y  a p p e a r  i n  th e  l i s t ,  d e l e t e d ,  
o r  dem oted  t o  p r i m i t i v e s ,  w hen a m atch  l i s t  m ust b e  s p e c i f i e d .  The l i s t  
a l s o  a llo w s  a s e a r c h  t o  b e  made f o r  th e  n e x t  l e g a l  s t r u c t u r a l  d e s c r ip t i o n  
( i n  te rm s  p r im i t i v e s  o n ly ) .  The r e c o rd s  a r e  k e p t  i n  a  s im p le  a r r a y ,  th e
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list structure being imposed by NAMELIST, which stores the pointer!- to
Sub ro u tin e  TRUEE 
Calls th e se  sub ro u tin es
•  CANDSTACK
C omments. TRUEE im p lem en ts  t h e  c o n d i t io n  TRUE. I t  a lw ays pops one  op ­
e ra n d  from  th e  c o n d i t io n  o p e ra n d  s t a c k ,  and  a lw ays r e tu r n s  t h e  v a lu e  1. 
: t h u s ,  TRUE m ust a lw ays h av e  one  o p e ra n d , c o n v e n t io n a l ly  c a l l e d  DUM, b u t  
n o t  i n s p e c t e d .
S u brou tine  VECREVAL 
Calls th e se  sub ro u tin es
• RQUEUE
• ANDSTACK
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%BACKE
NNDME
• TRUEB
•  ATORSTACK
C o m m en ts . VECREVAL e v a lu a t e s  a KS, r e tu r n in g  a  v e c to r  v a lu e  f o r  th e  
e n t i r e  KS. The te c h n iq u e  u se d  i s  e x h a u s t i v e ly  d e s c r ib e d  in  t h e  t e x t .  
N o te  t h a t  t h i s  s u b r o u t in e  may n o t  a lw ays a p p e a r  w ith  i t s  f u l l  com plem ent 
o f  c o n d i t io n  e v a lu a t io n  c a l l s  ( c a l l s  t o :  ROCKE, BACKE, THUEE, EDGE, NNUME, 
SIMGE, o r  SIHTE) b u t  i s  docum ented  h e re  a s  n e e d in g  them  a l l ,  f o r  sim ­
p l i c i t y  a n d  g e n e r a l i t y .
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APPENDIX B. THE BACKUS NAUR FORM SYNTAX OF THE KS'S.
M  MOOIM IS OH CR 00041 USING 00012 B-K5 ft=0060
11:1? Mi FRL, ID OlL ,  I960
00D? Backus Naur Form Expression Of Rules ,
0005 The rules require the use of the characters < and >jto evoid
$006 iLonCusiori.howveT . i*  u it here ( inC >.
00QB <rule)::=(digit)<digit>(digit>*<cl!st>*<slist>
0009 <clist>::«(<operend> (operand))AI(<oper6-.d> (operand))0II(operand))N
0010 (operand)(condition)I(clist>
Q011 (condition)::- BMCK((regionno>,(qualifier))I
0012 ROCK<(regionno),(qualifier»l
0015 TRUE<DU«) I
0014 5irKE<<regionno>,<regionno)>I
0015 SMTEUrbgionno) ,(f eoionno>> I
0016 W<obin:me>,(objname>) I
001? Hr* jnaBis), (objnasie) > I
001B r;:aionno),(integer>>
0019 TL.'V '-'tdes»l
0620 SKft£H(»hdes»l
U021 Sl2E{<sides»l
0022 ft£FLEC((rfdes)>l
0023 aHVEX4(cdes»
0 0 2 4  (Ides’ ' I 'K IG K I h E D l l tl lL n i !
6625 (iMet.-: i =V T IPMD
0026 (rfdes)::=HIGHIMEOIUMILOU
0027 {cdes>::,i(quaiifi6r>
0028 (sides>::-BIGILITTLEIMEOiiS1
0029 (regionno>::»R(integer)ICEN1RE
0030 (integer)::=(digit)I(digit>(integer)
60?1 (digit>::=0UI21?l4l5l6l7l8l9
0052 (qualifier)::*OUITEIOUlTENIlERYIUERYNIDKim-IQ«
0037 (elist)::=r£SEE((regianno),<merlist))l
0034 CHCTXT<<neucontext>)I
0035 fi£ET(GM.>l
0036 (objnaee)1(objdescriptar)>
003? (objdescriptor>::'PRIHIC011P
003B (objn»me)::=(char!ist)
003? (charlitt):^(char)|(char>(cherlist>
0040 (char>::-AI8ICIDIEIFIGmillJIKILmiNI0IPIBlRISniUIUiyiXIYIZ
0041 (ne rlis t)::’ <recnum)l(regnunr>(tnernst)
0043 Noteimerlisl and charlist are limited to six member end seven menbers
tl'W  respectively.for reasons of practicality.
0045 For the language to work,an objnase should have a definition to be used.
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APPENDIX C. A COMPLETE LISTING OF THE CODE.
T h is  l i s t i n g  i s  bound  i n  a  s e p a r a t e  vo lum e f o r  s i m p l i c i t y ,  and  rosy b e  
o b ta in e d  from  P r o f e s s o r  M.G. R odd , D ep a rtm en t o f  E l e c t r i c a l  E n g in e e r in g , 
U n iv e r s i ty  o f  t h e  W itw a te r s ra n d , 1 J a n  Sm uts A v e ., Jo h a n n e sb u rg , S outh
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